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3.2.8 Structures

3.2.8.1 Introduction

The structural analysis of the T65 vehicle was performed to establish the struc-
tural configuration and to provide detailed analysis of the structure for systems
evaluation purposes.

The first-stage structural configuration was selected on the basis of information
developed during a preceding portion of Contract NAS8-2438 which evaluated vari-
ous clustering concepts for a four-motor cluster. Second-stage trade studies were
performed for various bulkhead shapes and three tankage concepts: clustered,
multicell, and single tank, Stress analysis of major structural components was
performed on the second stage, interstage, cluster structure, and support
structure and is presented in detail with margins of safety indicated.

Insulation requirements for base heating protection and cryogenic tankage were
established. Allowable stresses for unpressurized motor case handling and
launch pad buckling loads were determined. Vehicle loads were predicted for
wind shear plus gust, nozzles full gimbal, 20-degree angle of attack with null
nozzles, unsymmetrical tailoff, and symmetrical maximum thrust. Aerodynamic
heating temperature predictions were made for the interstage regions.

3.2.8.2 Summary

The single-tank concept was selected as the second-stage configuration, a
decision based primarily on manufacturing and cost superiority. Bulkhead
trade studies indicated that nested bulkheads produced shorter configurations

of approximately equal weight. Thrust structure mounting of the LO2 tank
would provide a possible second-stage weight saving if dual-plane separation
were used. However, the slightly longer separate tank concept was chosen
utilizing single-plane separation and featuring relatively greater ease of fabric-
ation. The resultine second-stage mass fraction was 0.9025.

The clustering structure (Figure 3.2.8-1) for the six 260-inch motors con-
sisted of motorcase skirt extensions tied together by shear intercostals and
redistribution rings. Cross-beams were used to stabilize the cross section
and to redistribute axial loads. The aft end of the motor cases were tied
together by links that permit differential growth.

The vehicle was supported on the launch pad by motor case base skirts, with

three support points for each skirt and six redistribution longerons to distribute
the concentrated loads. The resulting first-stage mass fraction was 0. 8892,

m-1
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3.2.8.3 Seconci—Sta’ge TankiagafBiad‘e-SjﬁdyE oLt

The study was conducted to select a tank configuration concept for second-stage
detail design. The concepts evaluated (Figure 3. 2. 8-2) are the single tank, the
multicell tank, and the clustered tank. All configurations have five M-1 engines
and a total propellant capacity of 8,218,000 pounds. Relative merits of the three
concepts were evaluated from the standpoint of structural requirements, weight,
ease of manufacture and assembly, and cost effectiveness.

3.2.8.3.1 Summary

The results of the study indicate that all three concepts are structurally feasible
for second stage boosters. Table 3.2.8-1 compares the structural character-
istics of the three concepts. The weight analysis indicates the multicell tank
configuration is 8.5 percent and 38 percent lighter than the single tank and clus-
tered tank, respectively. The large weight penalty for the clustered tank concept
is due to cluster requirements and increased tank sidewall weight resulting from
eccentric axial loads in the clustered tanks. A more efficient second-stage
clustering concept might be designed if the number of second-stage tank engine
modules equaled the number of first-stage motors. The manufacturing and cost
analyses indicate that the single-tank concept has lowest manhour requirements
and lowest total development and operating cost.

SECOND-STAGE TANKAGE CONCEPTS COMPARISON

1 2 3
Single Tank Multicell Tank Clustered Tank
Weight (pounds) 449,100 410,720 659,790
(Second Stage Structure)
Length (feet) 155.4 139 186
(Second Stage)
Stiffness -—- -—- Reduced
Slosh Provisions Additional Webs Provide Additional
Requirements Baffling Requirements

Interstage Transition -— Complex Complex
Development Testing - Increased Test- Increased Test-

ing Required ing Required
Secondary Stresses -— Inherent in -—

Design
Undetected Flaws Thicker Welds Weld Complexity More Lineal

(Hand Welds, Inches

More Lineal Inches)
Cluster Structure Not Applicable Not Applicable Complex

Table 3.2.8-1
n1-3
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3.2.8.3.2 Criferizand Loads sos oo e 53" il 30

The loads criteria are given in 3.2.8.6.2 for the single-tank concept. Bending
loads for the other concepts were scaled from the single-tank loads.

All three tank concepts were sized for equal ullage pressures plus thrust-
acceleration gradients. All tankage concepts required stiffening of the sidewalls
to resist the bending moments occurring during maximum~-q load conditions.

With as-welded allowables in the weld zones, 2219-T87 material properties were
used for all base metal shell structure (see 3.2.8.6.3.3). Unwelded material
used was 7075-T6. To simplify the analysis, proof test design requirements
were not considered for this trade study.

3.2.8.3.3 Single Tank

The single tank concept, Figure 3.2.8-2, utilized tapered waffle pattern stif-
fening in the LHy tank sidewalls. The heads were of constant thickness. The
LOg tank was an off-loaded configuration, using 70.7- and 80-percent elliptical
heads. The thrust structure consisted of crossbeams attached to a skin-
stringer cone frustum.

The skin thickness requirements for this configuration are indicated in Figure
3.2.8-2. The maximum base metal thickness is 0. 618 inch, which would require
a weld thickness of 1.236 inches. The large Y ring will require considerable
development to establish fabrication methods.

3.2.8.3.4 Clustered Tanks

The clustered tank concept, Figure 3.2. 8-2, utilized tapered milled stringer
stiffening in the sidewalls. The percent sidewall stiffening required for this
configuration was greater than for the other concepts because of the greater
shell loading per inch. This high loading was a direct result of the smaller
effective cross section resisting bending and the eccentric axial load distribu-
tion caused by the interstage attachment to the outer edge. A trade was not
performed on the additional cluster structure required to remove the eccentric
load versus the tank penalty required to react the load.

Additional structural complexity is introduced in this concept because of the
clustering requirements. A cluster structure is required at both ends of the
second stage to provide shear continuity in the stage.

The maximum thickness of base metal in this design is 0. 355 inch, which would
require a weld thickness of 0.710 inch. The Y-ring requirements would be
considerably less than for the single-tank concept.
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The multicell tank concept, Figure 3.2, 8-2, used tapered waffle stiffening in the
sidewalls. The heads were of tapered thickness. Separate tanks were used for
the hydrogen and oxygen. The intercell webs in the upper tank were sized for

the mass of the hydrogen in addition to the internal pressure. They were designed

as stiffened shear-resistant webs of 7075-T6 material.

The webs in the oxygen tank were sized for a combination of the thrust load,
oxygen mass, and internal pressure. They were designed as stiffened shear-
resistant webs of 7075-T6 material. The thrust structure consisted of shear-
resistant beams spanning the tank diameter and supported at the mid-point of
the oxygen tank. The intersection of the skin panels and web used a Y-section
extrusion. The maximum base-metal thickness for this design was 0. 436 inch,
which would result in a weld thickness of 0. 872 inch.

3.2.8.3.6 Manufacturing Evaluation of Second-Stage Tankage

Configurations of liquid-second-stage tankage evaluated by the Manufacturing
Department are shown in Figure 3. 2. 8-2.
The purpose of the evaluation was to compare the configurations in terms of:
e Manufacturing lead time and development
e Tooling requirements
e Fabrication and assembly processes

e Manpower, space, and equipment requirements.

The following program ground rules were used for the trade study:

e Program time period: R&D program 1965 through 1970, followed by a
10-year operational program.

e Maximum production rate: 12 stages per year.
e A new factory setup for the 70-foot-diameter tank will be required.
e Factory location will allow water transport of vehicles.

The results of the manufacturing evaluation are presented in 3.2.8.3.6.9 and
3.2.8.3.6.10.

3.2.8.3.6.1 Manufacturing Lead Time

The manufacturing lead-time differences were estimated from the general manu-
facturing plan and the production flow illustrations (Figures 3.2.8-3, 3.2.8-4,
and 3.2. 8-5).

I11-6
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The lead-time differences were not considered significant for the multicell and
single tanks. The clustered tank could be produced, except for stage assembly,
in existing facilities. Manufacture could thus begin earlier on the clustered tank,
and the time till first-unit production could be reduced accordingly.

3.2.8.3.6.2 Tooling Requirements

The tooling required for the large single tank must be capable of handling larger
and heavier parts than for the other configurations. Multicell tank assembly
involves joining more parts and requires more tools of greater sophistication.
The cluster structure will require the greatest number of major jigs due to the

ml_!_ltipljcity of sub- and major assemblies involved in manufacture.

L= E2384 SIS ALINAANILD A1 VUL VU iz

The major tooling for all configurations is programmed as hard tooling, capable
of achieving the quality requirements and of enduring for the scheduled rates of
the 10-year program.

3.2.8.3.6.3 Fabrication Processes

Large Single Tank — The fabrication processes for the large single tank were
divided into the following areas: Y rings, tank-wall skins, heads, and fittings.
Each area will be discussed briefly. A detailed manufacturing plan may be
found in Section 3.4. 1.

The manufacture of the Y rings for the large tank will be a major problem area.
A detailed discussion is presented in 3.4. 1.

Fabrication of tank-wall skins will be a major problem area because of com-
ponent size. To reduce the amount of welding, the largest available sheet sizes
should be used. The major problem will be forming the skins containing integral
stiffening.

The tank heads must be fabricated from many segments because of sheet size
limitations. The parts can be standardized so that only seven major contoured
shapes will be required. The proposed subassembly weld sequence will allow
payoff trim after welding so that part fit—up and coordination will be reduced to
a minimum. This will also provide good weld-inspection position.

The large tank will have several fittings for filling, draining, venting, and
cleaning. The machining of these fittings, which are later welded into the tank,
will be a problem area. Of the three configurations, the large tank will contain
the least number of these problems.

Clustered Tank — The fabrication requirements for the clustered tank will be
similar to those of the single tank. No specific problems are visualized that will
not be solved on the Saturn S-IC and S-II contracts. The main disadvantage is
high manufacturing cost compared with the single tank or multicell tank. The

I-13
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main advantages are saving of some facilities and tooling costs and salvage of
other capital expenditures on the Saturn program. The greater learning-curve
improvement possible with this configuration (5 tanks of the same size per
vehicle) did not alter the total manufacturing cost disadvantage because of the
low total vehicle quantity requirements and high cost of thrust and cluster struc-
ture.

Multicell Tank — The fabrication processes for the multicell tank were divided
into the following areas: Y rings, tank-wall skins, head segments, and fittings.
The major process steps for these items are illustrated in Figure 3. 2. 8-6.

The multicell tank has different Y-ring problems than the large single or clus-
tered tanks. Each cell segment will be joined to the other by a Y longitudinal,
and Y-ring segments will also be required to join the heads, skirts, and walls.
The number of Y-ring segments will, therefore, be greater for multicell tanks.
The number of shapes required complicates the fit problem, and the joining of
Y-ring segments is a major problem. Special forged fittings can be used at
intersection points to reduce the fit and weld intersect problems.

The Y-ring segments will be machined as flat spar mill parts from bar stock.
This method will allow milling cross-sectional buildups for weld joints and to
obtain minimum part weight. Forming and trim-for -fit will follow the machining
operations. Stringent detail part tolerances will be required because of fit
requirements for welding.

The tank walls will be a major problem area because of size and shape. The
major problem will be forming of the skins containing waffle-pattern stiffening
(and integral Y ring, if this option is adopted). Some of these problems will
be solved on the Saturn program.

The tank heads are made from several segments because of sheet size limitations.

By standardizing the part size, a minimum of forming and trimming tools will be
required. A major welding problem exists at the intersection of the center close-
out ring and the head segment subassemblies. Fit-up problems with the close-
out ring, Y-ring segments, and skins are greatest with this configuration.

The multicell tank has several fittings for fill, drain, and vent openings; man-
holes; and the center close-out ring. The fit problems with the mating parts
will be a major problem for weld quality. The multicell tank will have more
fittings than the other two configurations; therefore, more fit-up problems are
expected.

3.2.8.3.6.4 Assembly Methods

Single Tank — The assembly methods for the single tank were divided into sub-
assembly, tank final assembly and test, and vehicle joining.

I11-14
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Vehicle subassembly has been sequenced into subassemblies of heads, sidewall
hoops, internal baffles, and external structure. The head subassembly produc-
tion break was selected so that the final assembly joining weld would be a lower-
stress circumferential weld. This break will also allow trim of head assembly
and sidewall hoop assemblies after subassembly welding. Mismatch of detail
parts will not be as critical, which will allow less stringent detail part forming
and trimming tolerances. The only critical coordination will be circumference
(pi tape check) and flat plane (level check).

The sidewalls will be made by welding formed segments into hoops. Control of
circumference can be obtained by special trim prior to making the last weld.
Quality control check of the higher-stress longitudinal weld joint can be easily
accomplished by X-ray methods, and weld repair can be accomplished readily
in this subassembly position. Clamping, weld-joint backup, and starting tabs
are easily provided.

The internal baffle subassembly will be accomplished in separate tooling, which
will allow most efficient assembly. The baffle subassembly will then be installed
in the completed head or tank-wall hoop assembly prior to final subassembly
joining. Tank-final-assembly work activity will thus be reduced to a minimum.

The skirt and thrust structure will be nearly the same for all three tank con-
figurations. This structure will present no major problems other than size.
The intertank structure of the large tank will be longer than that of the multicell
tank, but will replace some of the tank sidewall.

The final assembly of the tank will consist of joining the selected subassemblies
by welding. This operation will be accomplished similar to the Saturn S-IC
method of tank assembly. This method eliminates gravity side effects and gives
uniform weld position so that constant equipment settings can be used. One pro-
blem area will be the X-ray inspection of the close-out welds for joining. This
may be solved by special work platforms. After welding is completed, the tank
assemblies will be cleaned, proof tested, and joined with the other major struc-
ture subassemblies.

The final vehicle joining operation will be in the vertical position for the same
reasons given for vertical tank assembly. One problem at vehicle joining will be
the clamping and fitting of subassemblies prior to joining. A second will be the
requirement to coordinate circumferences of the subassemblies. The single
large tank is the best of the three configurations when considering this problem
because interfaces will be circular shapes in a single plane.

The vehicle assembly will be moved in the vertical position directly to a reusable
GSE handling pallet. This pallet system will be used as a line dolly in the remain-
ing factory operations.

The single tank has much plumbing between engines, pumps, and tanks. Of the
three configurations, the piping problem is minimum for the large tank.

m-17
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The insulation of the hydrogen tank will be a major problem. However, the
simple cylinder body and elliptic head shape of the large tank make this the
easiest to insulate of the three configurations.

Other installation problems common to all configurations were not investigated
during this phase of the study.

Clustered Tank — The assembly methods for the clustered-tank vehicle will be
similar to the single large tank vehicle except for tank size, quantity, and clus-
tering requirements.

The 25-foot tank diameter will make all tank fabrication problems easier, but

the quantity of five tank assemblies per vehicle will approximately double the
work required when compared to the single-tank vehicle. To this will be added
the clustering operations, so that, from a manufacturing cost standpoint, the
clustered tank is the least desirable of the three configurations. Complete evalu-
ation of this configuration was not made.

Multicell Tank — The assembly methods for the multicell tank were divided into
subassembly, tank final assembly and test, and final vehicle joining.

The multicell tank can be assembled by several sequences. One method con-
sidered would make subassemblies of the cells as units that are assembled to
the center column. The selected method will use head and body shell subassem-
blies that will be joined in the vertical position similarly to that proposed for

the large single tank. A special detail trade study was made to make this selec-
tion and is tabulated in data following. The major reasons for the selection were
increased reliability and decreased work load in the final assembly joining posi-
tion. A discussion of the selected method follows.

The multicell tank was broken into head and body shell subassemblies and further
subassemblies. The head subassembly is shown in Figure 3.2. 8-7.

This breakdown will allow X-ray inspection and repair and proof test of the higher-
stressed longitudinal weld joints in the subassembly work position. Clamping

and weld backup will be more easily provided. The close-out final assembly
joining welds will be in flat planes along the lower -stressed circumferential

joints. Also, the length of weld accomplished in final assembly joining will be
minimum.

The body shell subassembly will consist of all structure between the head circum-
ferential joints, Sub-subassemblies of outer skin details, longitudinal Y joints,
and interior tension webs and center columns will be joined in the position shown
in Figures 3.2, 8-8 and 3.2. 8-9.

This breakdown subassembly method will allow welding of one-half of the high-
stress longitudinal welds in the flat position. It will provide excellent clamping,
weld backup, weld preheat, weld postheat, and trim arrangements.

II1-18
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The sub-subassemblies will be loaded into a vertical assembly jig where the
remaining eight longitudinal welds will be completed. This position will elimin-~
ate gravity side effects and give single-plane weld position so that track and
constant equipment settings can be used. This is shown as Operation No. 1 on
Figure 3.2.8-10. This arrangement will allow weld backup and clamping, and
X-ray inspection of all higher -stressed longitudinal welds prior to close-out
welding. This assembly sequence will provide higher tank quality. The work
position and sequence of the head-joining close-out welds are shown in Opera-
tions 2 and 3 on Figure 3. 2. 8-10.

After completion of welding operations, the final attachment of the shear web

assemblies to the Y filange will be made. This will ailow clamping adjustment
and fitting of parts for the weld operations.

The completed tank will be cleaned, tested, and then joined with the other major
assemblies. The final joining of the major assemblies will be accomplished in
the vertical position similar to the single-tank joining method. The major dif-
ferences are the increased difficulties resulting from the multicell shape. The
skirts, intertank, and thrust structure will have this shape and the forward skirt
will have a transition from the multicell shape to the circular payload section
shape.

The multicontour of the multicell tank will make installation of insulation more
difficult; the increased number of manholes, drain fittings, and plumbing, and
the coordination of circumferential multicell joints will be more difficult.

Multicell Tank Subassembly Method Trade Study — A trade study was made to
determine an optimum multicell tank subassembly sequence. Two methods
were compared: (1) subassembly of fuel cell and center -post assembly, and
(2) subassembly of heads with shear webs and center post and subassembly of
sidewalls with shear web and center post.

Advantages of full cell method (Method 1) are as follows:
e Shear web can be assembled in one piece.
o Joint of web to center post in one length.
e Best assembly method for small quantity R&D program by elimination of

some subassembly positions.

Disadvantages of full cell method:

e More difficult to provide backup clamping and X-ray inspection of close-out
welds.

e Sequence of weld starting tabs is cumbersome.

e Must coordinate eight interfaces that are compound curved surfaces in
eight planes, for a total length of 1200 feet (both tanks).
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Nine major pieces must be subassembled.

Size of major subassembly piece is approximately 27.5 x 35 x 110 feet.
Close-out weld joint is highest-stress longitudinal weld.

Work position is vertical over full length of tank.

Weld is vertical and overhead (or must turn tank over to eliminate overhead
welding).

Assembly area must be larger to provide clearance on eight sides.

Must weld inner fitting on head in the final assembly position.

Advantages of head-sidewall subassembly method (Method 2):

Close-out weld is circumferential and in only two horizontal planes for a
total length of 440 feet.

Weld joint is lower-stress circumferential type at close-out.
Starting tabs only needed two places for close-out.
Only three major subassemblies.

Size of pieces is 70-foot diameter with height of 20 feet for heads and
70 feet for body shells.

Work position is horizontal at top and bottom, inside and outside.
Assembly does not have to be rotated to eliminate overhead welding.
Vertical jig has one-side loading only, thus saving floor space.
Best high-production breakdown.

Center close-out ring fitting is welded as a subassembly operation.
Subassemblies are lightest.

Backup for welding and internal scaffolding easier to provide.

Easier to preheat and postheat weld areas.

Disadvantages of head-sidewall subassembly method:

Must join shear web internally requiring scaffolding and cleanup.
Must coordinate interface between three subassemblies.

Shear web has splices at head-to-shell break point.

3.2.8.3.6.5 Equipment Requirements

The equipment requirements were compared for noncommon items only. The
heavier gages in the single tank will require equipment capable of handling
heavier material. The large elliptical heads will also have many more sections
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to be bulge-formed than the multicell tank heads. The large single tank will need
a much larger machine for preparation of the Y rings than will the clustered
vehicle. Machining requirements for the tank skins will be greatest for the
clustered and multicell tank and least for the large cylindrical configuration.

The single tank will require the fewest pieces of equipment for processing
heavier material and the clustered concept will require more individual pieces

of equipment. The difference in equipment requirements for the three configura-
tions did not significantly affect the trade study results.

3.2.8.3.6.6 Space Requirements

The manufacturing flow would be similar for each configuration. This would
indicate that the space requirements would be nearly equal for either vehicle.

The size of the multicell and the single tank configurations is such that con-
sideration of the manufacture of either structure in an existing facility is pro-
hibited. Component parts for all configurations, however, could be fabricated
in existing plants.

The clustered tank is small enough to be manufactured in facilities that are
being prepared for the Saturn program. Final stage integration would then

require new facilities either adjacent to this existing plant or at the test facility.

3.2.8.3.6.7 Manufacturing Process Development

The manufacturing development work required for all three configurations is a
major problem. The clustered tank is more related to the Saturn S-IC program
in size and shape and, therefore, will require the least development work.

The single tank will require more thick-gage welding development work. The
forming problems are more stringent for the multicell tank. The single tank

and multicell tank are about even in the amount of development work required.

3.2.8.3.6.8 Manufacturing Manpower Requirements

Manufacturing manpower estimates made for the three configurations were based
on the preceding manufacturing plan, the engineering definition, and preliminary
engineering weight statements. The order of preference is: (1) single tank,

(2) multicell tank, and (3) the clustered tanks.

The primary factors affecting the manpower requirements were identified as
total number of parts, forming and machining requirements, and assembly com-
plexity. Although the single-tank configuration will use heavier individual parts
with consequent increases in handling, machining, and forming problems, the

number of parts will be fewer and, hence, the assembly operations will be simpler

and require less manpower. Also, tooling requirements will be less than for the
other configurations.

III-28




% tee Tee tee SPosbarI T

The multicell configuration was penalized by the large number of parts required
for the tankage and the increased assembly complexity. The clustered tank con-
cept is the most expensive to produce, caused primarily by the need for rela-
tively large numbers of detail parts, subassemblies, and major assemblies.

3.2.8.3.6.9 Summary

The preceding analysis has allowed the comparison of the three tank concepts
from producibility and cost considerations. Several manufacturing comparisons
are indicated in Table 3. 2. 8-2.

The advantages and disadvantages anticipated in the manufacture ot the various
concepts are summarized as follows.
Advantages of single tank:

e Least linear feet of weld joint.

e least sidewall area to machine, form, and trim.

e Simpler shapes for heads and detail parts.

e Subassembly interfaces are simple circles joining on one plane.

® Coordination of subassemblies can be checked with simple pi tape
measurements,

e Forming tolerances of detail parts are less stringent.

e Interior baffles are easier to install and create less trouble during final
assembly than multicell shear webs.

e Weld X-ray procedures and techniques are developed and accessibility
problems for inspection are fewer and less complex.

e Easier to clean because of less internal structure.

e Final assembly work can be accomplished at fewer work-level positions.

Disadvantages of single tank:

e More head area to chem mill or machine.

e Heaviest detail parts and subassemblies.

e Thicker plates will require heavier tooling.

e Gage thicknesses generally require multiple-pass welds.

® Gage thicknesses require more X-ray inspect times per weld and longer
exposure time per inspect.

e More weld starts and stops than multicell tank.
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MANUFACTURING FACTORS FOR CONFIGURATION COMPARISON (1)

CONFIGURATION
Multicell Single Clustered
Percent Percent Percent
Total Task Total Total Task
CONSIDERATION (Weighted) Task (Weighted)
Welding 45 30 54
Total Length of Welded Joint 151 100 189
Total Dist. Weld Head Travel 49 100 64
Total Starts and Stops (2) 96 100 177
Total Number of Joints (3) 156 100 183
Handling (4) 5 5 3
Details — Heads 32 100 42
Subassembly — Heads 46 100 30
Head Sections 36 100 32
Details — Tanks 54 100 69
Subassembly — Tanks 23 100 13
Tank Section 220 100 85
Welded Parts Fabrication 33 20 58
Total Number of Parts 115 100 144
Pocket-Machined Parts (Area) 237 100 610
Taper-Machined Parts (Area) 70 100 70
Y Rings (Length) 100 100 179
Nonwelded Parts Fab & Assy 17 25 33
Total Weight 68 100 121
Joining and Miscellaneous 25 20 37
TOTAL MANUFACTURING TASK 125 100 185

(1) This table compares the multicell and the clustered configurations with the
single-tank configuration on a relative basis for each consideration. The
single-tank configuration was given a rating of 100 for each consideration.
The processes were then rated to determine the percent of the total task that
they represent for each configuration. The total manufacturing task compari-
son is indicated in each column.

(2) Includes starts and stops required for X-ray inspection as well as initial start
and final stop.

(38) Total number of interfaces that will require separate weld setup.

(4) Considers both weight and quantity.

Table 3.2.8-2
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e Y-ring fabrication requires considerable development.

e Several circular interfaces to coordinate during subassembly.

Clustered Tanks:

The clustered tank was analyzed sufficiently to determine that the machining,
welding, and forming tasks were greater than for the other configurations, but

that detail parts and subassemblies were smaller, lighter, and easier to handle.

The biggest advantage of using the clustered tank is that the work could be
accomplished, to a great extent, in existing facilities using tools, equipment,
and procedures that have been or are being developed. The increased quantity
of tanks would aliow greater improvement-curve efficiency. Preliminary cost
estimates established that this concept was most costly, and further study was
not made.
Advantages of multicell tank:

e Most detail parts and subassemblies are lighter and smaller.

e Skin thicknesses and part sizes ease detail-part forming problems.

e Some subassemblies can be accomplished in existing facilities,

e Single-pass welding satisfactory for most skin thicknesses.

e Less exposure time required for X-ray weld inspection.

e Fewer starts and stops during welding.

e Less head area to machine or chem mill.

Disadvantages of multicell tank:

e Complex curvature and join pattern of parts creates requirement for close
detail-part forming tolerances.

e Geometry and internal structure complicates fit-up.
e Fixtures for fit-up and weld backup are complicated and expensive.

e Weld X-ray inspection difficult and expensive due to scaffolding require-
ments and accessibility problems,

e More joint length to fit-up and weld than on single tank.

e More welded detail parts to fabricate, handle, and fit-up.
e More integral-stiffened sidewall machining required.

e Hand welding required in several places.

o Tack welds, which must be chipped out and rewelded, may he required at
several places during assembly.

e Cleanliness problems increased due to need for more internal structure and
internal mechanical joints,
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e Must weld Y longitudinals.

e More configurations required in detail parts and subassemblies.

3.2.8.3.6.10 Conclusions

The three concepts are all considered to be producible designs. The preceding
analysis has indicated a somewhat different approach for the three designs in
fabrication and assembly, but represents a practical method of completing the
task for each configuration. The most important differences are in the areas

of manufacturing technical risk and total manufacturing manpower requirements.

The single tank was selected as the most desirable candidate from the manu-
facturing standpoint, This concept has lowest manpower requirements and lowest
technical risk,

The multicell structure, which is higher in both areas, is the next preference

for manufacture. The clustered tank, which is closer to an existing design than
either of the other concepts, has the lowest order of technical difficulty but would
require the most manhours. The clustered tank configuration was thus considered
least desirable for manufacture.

3.2.8.3.7 Cost Effectiveness Analysis

Guide Lines — Cost effectiveness for a system composed of the T65A system
but with three different designs of second-stage tankage is shown in a compari-
son using the study data listed below:

e T65A development and operating cost with cost changes due to second-stage
tankage structure changes (single, clustered, or multicell tanks) as shown
in Tables 3.2.8-3 and 3.2, 8-4, Costs are for a total of 140 launches in a
10-year period.

e Vehicle cumulative average reliabilities shown are the same as used for the
T65A vehicle, Section 3.1, 10, 8.

e Vehicle payloads of 1,114,550 pounds for the vehicle with single second-stage
tankage, 896,090 pounds with clustered tankage, and 1,152, 680 pounds with
multicell tankage. Payloads are to a 225-kilometer orbit.

Development of Costs — The cost in dollars per pound of payload in orbit is the
total system cost divided by the total payload placed in orbit. The total payload
placed in orbit is the product of the launch vehicle reliability, the number of
launches attempted, and the payload weight per launch.

Cost Tables — A comparison of the cost effectiveness of the three tankage designs
with data used is shown in Tables 3.2, 8-5 and 3. 2, 8-6.
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LAUNCH VEHICLE COST EFFECTIVENESS COMPARISON

WITH SECOND-STAGE TANKAGE VARIATIONS
(Total Development and Operating Cost)

T65A Total
Vehicle Payload Payloads_| Systems Cost | $/Lb.
System Lbs x 10%|Launches | Reliability | Lbs x 10® | Dollars x 105 |In Orbit
Single
Tank
Stage II 1.115 140 0.878 137.09 14,647.684 107
Clustered
Tank
Stage II 0. 896 140 0.878 110.22 18,128,512 164
Multicell
Tank
Stage II 1.153 140 0.878 141.78 15,735.101 111
Table 3.2.8-3
LAUNCH VEHICLE COST EFFECTIVENESS COMPARISON
WITH SECOND-STAGE TANKAGE VARIATIONS
(Operating Cost Only)
T65A Total
Vehicle Payload Payloads | System Cost_ | $/Lb.
System Lbs x 105|Launches Reliability | Lbs x 10%| Dollars x 10° |m Orbit
Single
Tank
Stage I1 1.115 140 0.878 137.09 10, 896.432 79
Clustered
Tank
Stage II 0. 896 140 0.878 110.22 13,232.774 120
Multicell
Tank
Stage I1 1. 153 140 0.878 141,78 11,598.739 82
Table 3.2.8-4
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NOVA VEHICLE TOTAL DEVELOPMENT COST
(In Thousands)

T65A Vehicle System With Second-Stage Tankage Variations
Trade Study — Boeing Estimated Motor Costs

Item

Engine Development,
Stage Engineering,
Design & Development
Testing,

Vehicle Systems,
Program Management,
Integration:

Stage I
Stage I
Airframe and Propulsion
Unit
Tooling for Stages
AGE

Facilities Maintenance
and GSE Spares

Operations
(Stage Transportation
Launch Operations
Propellants and High
Pressure Gases
Miscellaneous)

Total

Number of Flight Test
Vehicles

* Same asin 3.1.14.1

Single Tank* Clustered Tank Multicell Tank

$ 509,327 $ 509,327 $ 509,327

614, 838 614, 838 614, 838
1,219,181 2,192,575%* 1,511, 784%x
518,166 689, 258** 610, 673**

550, 000 550, 000 550, 000

167, 000 167,000 167, 000

172, 740 172, 740 172, 740
$3,751,252 $4,895,738%* $4,136,362**

13 13 13

** Changes for Tankage Variations

Table 3.2.8-5
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NOVA VEHICLE TOTAL OPERATIONAL COST
(In Thousands)

T65A Vehicle System With Second-Stage Tankage Variations
Trade Study — Boeing Estimated Motor Costs

Item Single Tank* Clustered Tank Multicell Tank

Vehicle Costs
Stage I Including

Soiid Propeilant $4,960,097 $4,960, 097 $4,960,097
Stage II 2,926,280 5,262, 622** 3,628,587**
AGE 1,000,000 1,000,000 1,000,000
Facilities Maintenance
and GSE Spares 930,000 930, 000 930,000
Propellant — Liquid Only —
Stage II 216,080 216,080 216,080
Transportation 60,620 60,620 60,620
Launch Operations 354,450 354,450 354,450
Spares
Stage I 205,497 205,497 205,497
Stage I 190,208 190,208 190,208
Range Cost and General
Overhead 53,200 53,200 53,200
Total $10, 896,432 $13,232,774** $11,598,739**

*  Same as in3,.1.14.1
** Changes for Tank Variations

Table 3.2.8-6
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3.2.8.4 Second-Stage Tankage Bulkhead Trades

3.2.8.4.1 Introduction

Six bulkhead configuration combinations were evaluated for the 70-foot-diameter
second-stage single-tank concept. Three nested intermediate bulkhead concepts
and three opposed intermediate bulkhead concepts were considered (Figure
3.2.8-11). Minimum volume and off-loaded LO, tanks were included.

The configurations were evaluated on the basis of weight, length, and manufac-
turability. Honeycomb compression bulkheads and conical thrust structures of
skin stiffener construction were used. Common buikheads were not considered
at the request of the contracting agency. Eighty-percent elliptical bulkheads
were used for lower closures to reduce hoop buckling stresses due to fluid head
pressure effects.

Tank sidewalls and intertank regions were designed by maximum-q load condi-
tions. Tank sidewalls and intertank structure were of waffle construction for
this trade study and were sized by stability criteria with tank skin thickness
defined by internal pressure.

The interstage was designed by symmetrical maximum thrust loads and sized
using skin-stringer construction.

The internal pressures in the LHg and LO9 tanks were 40 psia and 45 psia,
respectively.

Single-plane separation was used for all comparisons, but the effect of dual-
plane separation is also indicated when it would affect the evaluation.

Residual-gas weight penalties were found to have insignificant variations between
concepts and were not included.

The configuration comparisons were made on the basis of comparing the candi-
date concepts with Configuration Number 1 of Figure 3.2.8-11. The structural
components that varied from this configuration were analyzed, and the change in
weight was predicted. The evaluation results are, therefore, in the form of a
weight change item rather than a complete weight statement for each configuration.

3.2.8.4.2 Summary

The bulkhead comparison study is summarized in Table 3.2.8-7. Nested Bulk-
head Configuration Number 3 was the minimum structural weight system utilizing
single-plane separation. With dual-plane separation, Minimum Volume LO9
Tank Configuration Number 6 was the minimum second-stage structural weight
system. However, increased retrorocket requirements of the first stage would
negate most of this saving. The opposed bulkhead systems were the simplest to

mI-37



A 2 J Py g - L4
e e %00 Pt T el e il
®e o000 o PY : L4 ] 0o : [ ®e o o
ee ®® & o aoe ... ..O e o
L (X

D2-22431-II1

manufacture, Nested Bulkhead Configuration Number 4 with surfaces concave
upward was the minimum-length and maximum-weight design. The large weight
penalty was due primarily to the LO9 head pressure increasing the design load
on the compression bulkhead.

The opposed bulkhead concept, Configuration Number 1, was selected as the final
design concept. Single-plane separation was chosen from a reliability standpoint.
The compression bulkhead designs did not offer sufficient length or weight savings
to justify the additional manufacturing complexity of a 70 -foot-diameter reinforced
bulkhead. The choice between Configurations 1 and 5 was made on the basis of

the improved fixturing requirements and manufacturing simplicity of Configura-
tion 1. Configuration 5 requires three different head shapes rather than two and

a large internal ring to react the kick loads from the constant-radius heads.
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3.2.8.5 Second-Stage Thrust Structure Trades

3.2.8.5.1 Introduction

Three types of second-stage thrust structure were investigated (see Figure
3.2.8-12).

All types of thrust structure utilized a pattern of four M-1 engines arranged
symmetrically about a center engine supported on beams spanning between out-
board engine mounts. The beams were attached to the engine mounts to react
the kick loads, which would otherwise be taken by the engine mount support ring.
The alternative of attaching the beams to the support ring at midpoints between
motors would distribute the axial loads more evenly at the expense of increased
ring loads. The net effect would be a weight increase and a stiffness reduction.
The transition structure between the motor mounts and the second-stage skirt
consisted of truss members, monocoque skin, or stringer frame design in the
shape of a cone frustum.

A dynamic load factor of 1.4 was used to define limit load. The center engine
support beams were designed by the conservative assumption that all outboard
engines were gimbaled 7. 5-degrees outward, imposing axial loads in addition
to the bending moments. The structure used throughout was 7075-T6 aluminum.

The purpose of this investigation was to obtain representative weight comparisons.
Therefore, the structural analysis used approximate methods to estimate panel
redistribution loads and made certain other assumptions which would necessarily
require refinement in the detail-design process. Similar assumptions were

made for all concepts; therefore, the relative comparisons should be valid.

3.2.8.5.2 Summary

The stringer-frame conical shell design was the most efficient of the concepts
investigated. The truss-beam concept was slightly heavier, while the ring-
stiffened shell was markedly heavier.

The truss beam concept was less efficient because of the concentrated loads that
must be redistributed into the sidewall. The conical-shell concept achieves
redistribution before the sidewall is reached.

The stringer-frame concept indicates a considerable weight saving over the

ring-stiffened shell concept (which utilizes unstiffened panel stability between
rings and is basically less efficient for this application).
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3.2.8.5.3 Trus.s.-Beam Thrust Structure

The truss-beam thrust structure (Figure 3. 2. 8-12) used compression-tube
members extending in pairs from the four outboard motor-mount locations to

a ring located at the sidewall intersection point. The geometry of the tubes was
chosen to provide an ultimate strength of 48,000 psi at a diameter of 33 inches.

The redisiribution panel at the tube-ring-sidewall intersection provided for the
redistribution of the eight concentrated tube loads. The panel was designed on
the assumption that the shear lag redistribution angle was 20 degrees and the
redistribution structure was operating at 40,000 psi ultimate stress.

The engine support beams were designed as beam columns. Overlapping
assumptions were used to design the lateral bracing members connecting the
motor mounts. Lateral loads were reacted by the engine support beams and
the lateral bracing members. For simplicity, both structures were designed
to carry the loads independently.

The resulting structural weights are shown in Figure 3.2.8-12,

3.2.8.5.4 Ring-Stiffened Shell Thrust Structure

This structure used a simple monocoque shell of cone—frustum shape with in-
ternal ring-stiffeners spaced 31 inches apart at the motor mount end and increas-
ing linearly to 52 inches at the opposite end. At the load concentration points,
doublers were used to redistribute the concentrated loads. The doublers were

24 inches wide at the motor mounts and increased to 272 inches wide at the side-
wall intersection. The doublers, plus backing skin, were sized for panel sta-
bility under full engine thrust. Overlapping assumptions were used in the sizing
of the basic cone shell, which was conservatively sized for a uniform load dis-
tribution.

The engine support beams were identical to those used for the truss-beam con-
cept. The ring in the engine-mount plane was sized as a curved beam of con-
stant radius supported at the ends of a 90-degree arc. Ring instability was the
sizing criteria and a unform load distribution was assumed. The ring located
at the sidewall was sized for a nonuniform circumferential load distribution.

The resulting structural weights are shown in Figure 3.2. 8-12,

3.2.8.5.5 Stringer-Frame Thrust Structure

The stringer-frame thrust structure used a semimonocoque shell of cone-
frustum shape. Tapered redistribution panels were used at the engine mounts.
Redistribution panel weight was estimated by sizing a stringer-skin panel, which
was bounded by 20-degree shear lag lines, for the full engine load. The re-
mainder of the structure was conservatively sized for a uniform load distribution.
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The engine support beams were identical to those used for the truss-beam con-
cept. The upper and lower rings are identical to those used for the ring-stiffened
shell concept.

The resulting structural weights are shown in Figure 3.2.8-12.
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3.2.8.6 Detail Design Analysis of T65 Vehicle

3.2.8.6.1 Structural Requirements, Design Conditions, and Margin-of -
Safety Summary

The detail design analysis of the T65 vehicle was performed to delineate particu-
lar structural problem areas that often become apparent under more intensive
cvaluation and to provide more accuraie weight predictions. The analysis is
presented in the form of margin-of-safety indications. The analysis was not
intended to be a rigorous evaluation as required in a formal stress analysis;
therefore, approximate design methods and data are occasionally used to pre-
dict component strengths. Howevcer, detailed investigations of the major
structural components of both first and second stage have been completed and

the structural concepts are judged to be representative, in terms of weight, of

a final vehicle design.

Detailed structural trades, such as the choice between zee-section or corru-
gated interstages, have not been exercised. The structural concepts used
represent a reasonable solution to a given problem rather than an optimized
one. More general structural trades were performed on the second-stage tank-
age and thrust structure and are discussed in 3.2.8.3, 3.2.8.4, and 3.2.8.5.

The structural configuration of the first stage was selected on the basis of
information developed during a preceding portion of Contract NAS8-8428, which
evaluated various clustering concepts for a cluster of four motors.

The vehicle was designed for the structural conditions tabulated in Table 3.2.8-8.

Margin-of-Safety Summary

Tables 3.2.8-9, -10, -11, and -12 indicate the margins of safety of the vehicle
structural components. The appropriate sections of the document containing the
detail analyses are referenced.
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STRUCTURAL DESIGN CONDITIONS

LOAD CONDITIONS SOURCE
e Vehicle trimmed at maximum dynamic pressure. 3.2.8.6.2.1,
NASA 99-percent wind-shear, 40 fps, l1-cosine gust. Figure 3.2.8-13
e Symmetrical maximum thrust. 3.2.8.6.2.1,

Figure 3.2.8-22

e Unsymmetrical thrust termination. 3.2.8.6.2.1,
Figure 3.2.8-20

e Failure condition — nozzles hard-over at maximum 3.2.8.6.2.1,
dynamic pressure.* Figure 3.2.8-16
e Failure condition — 20 -degree angle of attack, 3.2.8.6.2.1,
nozzles null, * Figure 3.2,8-17
e NASA 99.9-percent ground wind. 3.2.8.6.2.2,

Figure 3.2.8-23

PRESSURE S**

e Motor MEOP — 800 psia limit

e LHy Tank-Limit 50,6 psia —cryogenic temp. 3.2.8.6.3.2,
39.2 psia —room temp. Figure 3.2.8-25
e LOy Tank-Limit Room Temp. Cryogenic Temp.
Upper head - 78.5 psia 92,5 psia 3.2.8.6.3.2,
Lower head - 101.2 psia 119, 2 psia Figure 3.2.8-25

HEAT RATES (Iirst Stage)

e Heat shield —center 500 Btu/ftZ-sec. 3.2.10.2.3
® Heat shield — edge 250 Btu/ft2-sec.

TEMPERATURES

e Upper skirt —second stage (tg = .109) 195°F Burnout, 83°F Max. q 3.2.10.4,
e Intertank skirt (tg = .183) 154°F Burnout, 88°F Max, q . gure 3.2.10-10

e Interstage (tg = .29) 126°F Burnout, 85°F Max. ¢

The following factors of safety were applied:
® General Structure
Yield factor of safety = 1.10,
Ultimate factor of safety = 1, 40.

* A factor of safety of 1.0 was used on failure conditions.
*x* External overpressure and differential negative internal tank pressures were not used

for design. Table 3.2.8-8
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STRUCTURAL DESIGN CONDITIONS

e Propellant Tanks

Proof Pressure = 1.05
Yield Pressure = 1.10
Burst Pressure = 1,40

e Solid-Propellant Motor Cases

Proof Pressure = 1,05
Yield Pressure = 1.20
Ultimate Pressure = 1,40
where limit pressure is equal to maximum expected operating pressure (MEOP)

e A weld efficiency factor of 90 percent was assumed.

*

An ultimate factor of safety of 1.4 was used in addition to a yield factor of 1.2 in the
motor-case design because: There is no need to make an unconservative modification of
established policies when no significant gains in vehicle performance result. The gain in
payload, if the ultimate factors were not included, would be 1.7 percent, assuming no
reduction in allowables strength for fracture-toughness considerations. In vehicles of
this size, unconservatism should be minimized due to the immense cost of a failure.

Table 3.2,8-8 (Cont.)
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3.2.8.6.2 Loads

3.2.8.6.2.1 Flight Loads

Flight loads for the T65 vehicle were obtained for the following conditions of
expected maximum loading:

e Vehicle trimmed to a NASA 99-percent wind-shear profile at maximum q
(Figure 3.2,8-13).

e A failure condition of the nozzles at full gimbal counteracting the angle of
attack due to the NASA 99-percent wind-shear profile at maximum q.

e A failure condition with the vehicle at an angle of attack of 20 degrees at
maximum q with nozzles in the null position.

e Unsymmetrical first-stage burnout resulting in one motor at one-half
thrust and five motors at full thrust.

e Maximum symmetrical first-stage thrust.

Flight Bending Loads — The angle of attack and nozzle gimbal due to the wind-
shear profile at maximum q was determined from a 6-degree-of-freedom analysis.
This method includes pitch, yaw, and translation. The limit bending loads were
found to be most severe in the yaw plane and are shown in Figure 3.2.8-14 for

the trim condition. The yaw angle of attack was increased by 14 percent to

account for gust and increased by 10 percent to account for flexible body effects.

The limit bending loads for this condition are shown in Figure 3.2.8-15, along
with the ultimate loads.

The nozzle full gimbal is 2 NASA malfunction condition previously defined
during Contract NAS8-2438 and the associated bending loads are shown in
Figure 3.2,8-16.*

The bending loads for the 20 -degree-angle-of -attack failure conditions with the
nozzles in the null position are shown in Figure 3.2.8-17.

The bending loads for the nozzle full gimbal and the 20 ~degree-angle-of -attack
failure conditions were calculated for the T65A baseline vehicle and were scaled
for subsequent iterations. Figure 3.2.8-18 shows the ultimate bending loads due
to wind shear, the nozzle full gimbal bending loads, and the bending loads for the
20-degree-angle-of-attack failure condition. The failure moments were larger
than the trim condition for all portions of the vehicle.

For the unsymmetrical thrust burnout conditions, one motor was assumed to be
at half thrust and the other five motors at full thrust. The pressure variations
in Figure 3.2.8-19 show this to be a conservative assumption. The figure also

* A factor of safety of 1.0 was used on failure conditions.
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indicates a slow thrust decrease rate; during this time the nozzles could gimbal
to trim the vehicle, However, in this analysis, the nozzles were assumed to
remain in the null position. The bending loads shown in Figure 3.2.8-20 are,
therefore, quite conservative.

Axial Loads — The axial loads were calculated from the tangential flight path
accelerations resulting from a summation of thrust and drag forces. To simplify
the presentation of axial loads, 100 percent of the thrust was assumed to be
applied at the aft end of the vehicle. To determine the complete axial load dis-
tribution, the loads due to internal pressure must be superimposed on the axial
loads shown,

The axial loads were determined at maximum ¢ and burnout, and are shown in
Figures 3.2.8-21 and 3. 2. 8-22,

3.2.8.6.2.2 Ground Wind Loads

In the ground wind load analysis, the vehicle support interface was located at
an elevation of 100 feet. A NASA 99.9-percent ground wind profile with a 1.4
gust factor was used in determining the ground wind bending moment as shown
in Figure 3.2.8-23. The vehicle was assumed rigid in this analysis and a
dynamic magnification factor of 1.1 was applied to account for flexible body
effects.

3.2.8.6.2,3 Loads for Base Heat Shield and Support Leg Fairing

A preliminary estimate of the acoustic environment associated with the launch of
the reference vehicle has been made. The configuration is a six-nozzle cluster
with the nozzle exit plane 100 feet above a 90-degree deflector. The exit diam-
eter of each nozzle is 21. 4 feet, and the equivalent nozzle diameter of the cluster
is 52.5 feet, The maximum sound pressure levels during launch are predicted
for the base of the vehicle as shown in Figure 3.2.8-24, The overall sound
pressure level was predicted to lie within a range of 159 to 165 decibels., The
165-decibel level corresponds to an R. M, S. pressure level of 75 psf as given by

the definition of decibel: db = 20 log 10( g f); where Pyef = 4.2 x 1077 psf.
re

The important consideration in analyzing effects of acoustic loads is the reson-
ance effect of the sound pressure on the structure. Experiments have been
performed on flat plates subjected to acoustic environments with a frequency
spread similar to that generated by a rocket motor. The results indicate that
80 percent of the plate deflections will be less than 10 times the plate deflections
due to a static pressure of the same magnitude as the R. M. S. of the fluctuating
pressure, On this basis, an equivalent static pressure of 750 psf was assumed
for the acoustic load on the base heat shield.
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The total aerodynamic pressure at maximum ¢ on the support leg fairing was
determined by shock expansion theory to be 967 psf. Since the vehicle velocity
is well above Mach 1 at maximum q , the acoustic load due to the motors on the
support leg fairing will be unimportant.

3.2.8.6.2.4 Bending Modes and Frequencies

The bending frequencies and mode shapes were obtained through the use of a digi-
tal program that determines bending mode shapes and frequencies for beams of
variable mass and stiffness. The frequencies and mode shapes are determined
by a Myklestad method of solution of the pertinent differential equations. ’

The composite stiffness of the six motors in the first-stage was assumed to

be equal to the sum of the stiffnesses of the individual motors for the determina-
tion of the free-free mode shapes and frequencies of the baseline vehicle. The
first- and second-mode frequencies for the baseline vehicle using the above
assumption were 1,37 cps and 2.35 cps. A previous study (Reference 15,
NAS8-2438) by Boeing on a smaller but similar vehicle indicated that the actual
stiffness of the vehicle first-stage could be as low as one-fifth of the stiffness
of the baseline vehicle first-stage as described above before a 10-percent
reduction in the actual vehicle frequency would occur. This indicates that
vehicle frequency is insensitive to first-stage stiffness variation, which in this
case would be attributed to the neglect of cluster structure flexibility. The
actual first-stage stiffness of the previous study vehicle was 43. 4 percent of the
baseline stiffness and resulted in a 4-percent reduction of the baseline stiffness.
Assuming the present study vehicle to have similar characteristics because of
the similar clustering concepts, the actual first-mode frequency of the present
vehicle would be 1.31 cps.

The first-mode frequency of the individual motors in the first-stage booster

were determined by single-beam theory to be 1.78 cps, which is larger than the
first-mode frequency of 1.37 cps for the baseline vehicle. However, a more com-
plete analysis is necessary to establish the effects of the coupled frequencies and
mode shapes.

3.2.8.6.2.5 Ignition Transients

The effect of the ignition transients on vehicle loads was analyzed under a pre-
vious portion of Contract NAS8-2438 by Boeing for a smaller but similar vehicle
using forehead ignition (Reference 15). The results of the above study indicate
that the ignition transient does not present a problem if the rise time is greater
than the natural period of the vehicle. However, since pad-mounted base ignition
is to be employed, a potential problem area arises in the dissipation of the
shockwave that impinges on the forward head. Further analysis may indicate
limitations on the igniter pulse to avoid excessive vehicle loads.
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3.2.8.6.3 Second-Stage Detail Analysis

3.2.8.6.3.,1 Discussion

The second-stage structural layout drawings are shown in Section 3.2.11, Figures
3.2.11-4, -5, and -6. The trade study that led to selection of the second-stage
separate-tank concept is discussed in 3. 2, 8. 3.

The material used in the analysis of all-welded tankage was 2219-T87 aluminum
because of its good fracture toughness and weldability. Material chosen for
built-up structure was 7075-T6 because of its high-strength features.

The lower elliptical bulkheads posed a special problem in that they developed
hoop compression stresses under the large pressure gradients associated with
first-stage burnout loads. Skin thickness was increased to prevent instability
in the upper 110 inches of the LO, bulkhead shell. It was noted that changing
the dome contour to hemispherical was not sufficient to eliminate the compres-
sion problem.

External cork insulation sealed by a mylar film was chosen for the LHy tank

(see 3.2.10.5). Cryogenic allowables were therefore used for the tank materials.
This led to development of a room-temperature proof test that had to satisfy the
strength requirements as well as the fracture toughness criteria using water as
the pressurizing medium. Upper-head and sidewall gages were increased by
proof-test requirements.

A silo proof test was proposed for the hydrogen tank that would provide a uniform
internal proof pressure. The hydrogen tank was stiffened for the maximum q,
20-degree-angle-of-attack failure condition by integrally milled T-section
stiffeners.

This method of stiffening was chosen to expedite forming procedures. The
stringer panels were tapered to increase structural efficiency. With constant
stringer spacing and skin gages fixed by pressure requirements, minimum-
weight sections could not be obtained at both extremities of the tank. To obtain

a near ~optimum-weight design under these conditions, the section of maximum
load was optimized and a positive margin of safety of 0.71 was accepted for
compressive strength at the section of minimum load. Test work is required

to evaluate the effect of pressure on the stability of the stringers with fixed
frames to ensure a functional design under conditions of axial load plus pressure.

The intertank regions were designed of zee-stiffened panels. The temperature
in this section at design load was 88°F resulting from aerodynamic heating.

The thrust structure contained four tapered longerons that redistributed the

engine loads. These members were sized using a compatible~-deflection shear-
log analysis. The thrust structure design temperature was assumed to be 185°F.
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3.2.8.6.3.2 Criteria and Loads (Second Stage)

The design conditions and criteria for the second stage are shown in Table
3.2.8-8. The load distributions for each structural component are included in
the individual analyses.

The tank proof test requirements and design load comparisons are included in
the following paragraphs.

Proof Pressure (Base Metal Only) — A room-temperature proof test that will
test the propellant tank for equivalent cryogenic strength requirements as well
as fracture toughness criteria is discussed herein (Table 3.2.8-13). The
strength of a material increases with decrease in temperature. A proof test
at room temperature with pressures reduced in proportion to the reduction in
allowable strength from cryogenic operating temperature to room temperature
would test the propellant container for strength. The room-temperature proof
test would also test the container for fracture toughness if the stress level was
sufficiently high to guarantee that the maximum flaw size existing in the con-

tainer is equal to or less than 0.8 of the critical flaw size at operating tempera-

ture and operating stress.

Hydrogen-Tank Proof Test (Base Metal) — The maximum operating pressure in
the LHo tank ranges from 38 psi to 50.58 psi at cryogenic temperatures (Figure

3.2.8-25). These pressures can be reduced for room-temperature proof test in

proportion to the decrease in strength.

PROPERTIES OF 2219-T87 ALUMINUM

Operating Stress

O yltimate

O yield

93,000/1.4 = 62,200
65,000/1.1 = 59, 000

Yield Critical

Maximum Cryogenic Room
Stresses Temperature Temperature
(423°F) (70°F)
Fiu 93, 000 psi 62,500 psi
Fty 65,000 psi 50,000 psi

62,500/1.4 = 44,600
50,000/1.1 = 45,400

Table 3. 2.8-13
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Assuming that proof testing at room temperature must guarantee (a/ Qmax =
0.80 x (a/Q)Cr at LHg operating stress (59,000 psi) (see Table 3.2.8-13) —
based on 2219-T6 E46 data — it is presently estimated that a flaw that is less
than 80-percent of critical at operating pressures will not propagate to failure
under sustained loading during the estimated service life of the booster, where
(a/Q)cr is the critical flaw size that would propagate at operating stress. The
critical flaw size at cryogenic temperature is: (a/Q)cr = 0. 14 inch (from Figure

3.2.8-26). The allowable crack size at room temperature is: (a/Q)max = (0. 80) x

(0.14 = 0. 112 inch.
Room-temperature stress required to satisfy cryogenic fracture toughness
criteria is:
o = 48,000 psi (Figure 3. 2.8-27)
o = (45,400)(1.05) = 47,500 psi proof stress required for strength demon-
stration. (The required proof stress for strength is 47,500 psi and

required stress for critical flaw-size criteria is 48,000 psi. Use
48,000 psi for proof test.)

The reduced pressure required for proof test of the hydrogen tank is as follows:

Pressure + head at bottom of the LH2 tank at first-stage burnout = 50.58 psi

P _ 50.58 (48,000)
proof = 50, 000

=41.2 psi

41.20 .
Plimit = 105 39. 2 psi

Figure 3.2.8-25 indicates the required proof pressure versus tank height of the
LHg2 tank for a room-temperature proof test.

Method of LHy Tank Testing —The hydrogen tank will be proof tested in a silo
using water as the pressurizing medium and with water surrounding the tank to
provide a uniform internal proof pressure. Upper head and sidewall gages were
increased by this proof-test requirement. Other methods considered were
proof testing with full operating pressure at room temperature and uniform
internal pressure and proof testing with reduced pressure and water-pressure
gradient. However, these conditions imposed greater skin-gage penalties.

LOg Tank Proof Pressure (Base Metal) — The proof pressure required for
equivalent cryogenic fracture toughness is calculated in the following manner.

Proof stress required to demonstrate strength at room temperature: (operating
stress x 1.05).

o = 45,400 x 1.05 = 47,500 psi

From Figure 3.2.8-27, at 47,500 psi, the maximum flaw size existing in the
material is (a/Q) = 0.115 inch.
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Assume proof testing at room temperature must guarantee (a/Q)max = 0.80
(a/Q)cr at LOg operating stress (see also LH2 proof-test discussion).

Using the above equation with (a/Q),ax = 0.115 inch, the critical flaw size for
hydrogen tank operating conditions can be defined as:

0.115
(a/Q)er = —g g = 0.144 inch

With the critical flaw size defined, the maximum allowable operating stress at
cryogenic temperature, obtained from Figure 3. 2.8-28, is:

0 = 49,000 at -320°F

The skin gage is sized by the operating stress = 49,000 psi and operating pressure
plus head = 119.2 psi.
119.2 x 600 .
t = 49,000 x 2 0.73 inch (aft head)
The required pressure for room-temperature proof pressure at ¢ = 47,500 psi
is:

0.73 (47,500) 2 .
Pproof = 6(00 L = 115.8 psi

115.8 .
Plimit = 377,5~ = 110 psi

Proof Pressure (Weld Zone) — The proof-test criteria used for design purposes
in this study considered the properties of the base metal only. The weld-zone
proof-test requirements, which may increase the proof pressure markedly, were
not included. The following proof-test requirements were predicted for the weld
zones using fracture toughness data that was considerably below that of the base
metal. The fracture toughness properties of welds vary with process control
and are a function of the inspection-acceptance specifications. The indicated
weld-zone proof-test penalty will be required in addition to the base-metal proof
test unless the fracture toughness properties of the welds are improved. This
is a problem which is not well understood and additional effort should be devoted
to weld toughness improvement.

The room-temperature proof test required in the weld zone for equivalent cryo-
genic strength is similar to the proof test required in the base material (see
3.2.8.6.3.2). However, to ensure equivalent cryogenic fracture toughness in
the weld zone, the room-temperature proof-test pressure in the LH2 tank must
be increased above that necessary to ensure base-metal integrity. Weld-zone
fracture toughness varies such that higher toughness is observed at -320°F than
at -423°F. This produces a penalty for proof test of the welds at ~423°F but not
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at -320°F. A 21-percent increase in the proof pressure was reyuired on the
proof pressure was required on the LHg tank and a 1. 37-percent reduction
in the LOg tank.

The proof pressure required for equivalent cryogenic fracture toughness is
calculated in the following manner.

Proof stress required to demonstrate strength at room temperature: (operating
stress x 1.05).

s . 25,400x1.05
- 2

= 23,800 psi*

From Figure 3.2.8-30, at 23,800 psi, the maximum flaw size existing in the
material is (2/Q) = 0.155 inch.

Assume proof testing at room temperature must guarantee (a/Q)max = 0.80
(@/Q) cr at LH2 operating stress (see also base-metal proof-test discussion).

Hydrogen Tank (Weld Zone) — Using the above equation with (a/Q)max = 0.155
inch, the critical flaw size for hydrogen tank operating conditions can be defined.

@/Qer = %‘.—1—5—5 = 0.1938 inch

With the critical flaw size defined, the maximum allowable operating stress at
cryogenic temperature is obtained from Figure 3. 2. 8-29.

Oop = 24,200 psi at -423°F

The hydrogen-tank skin gage in the weld zone is sized by the operating stress
= 24,200 psi and operating pressure plus head = 50.58 psi.

t = 50.58 x 1 x 600
24,200 x 2

= 0.627 inch (aft head)

The required pressure for room temperature proof pressure at o = 23,800 psi
is:

p _ 0.627 (23,800) 2
proof 1 (600)

=49.7 psi

* The "as welded" joint strength was taken as 50 percent of the base-metal strength.

II1-70




ee’ cee e :"1)5:.22‘4‘3.1-'1?& e s o tee 3

LOg2 Tank (Weld Zone) — The reduced pressures required for proof testing of
the LO2 tank were determined in a manner similar to that used for determining
the reduced pressure required for the hydrogen tank.

Room-temperature properties from LHg tank analysis:

(a/Q)max = 0.155 inch
23,800 psi

I

The critical flaw size for the LOg tank operating conditions was defined as:

@/Q)pax = 0.80 @/Q)op

The allowable flaw at cryogenic temperature is:

0.155
0.8

@/Q)er = = 0.1938 inch

With the critical flaw size defined, the maximum allowable operating stress,
obtained from Figure 3. 2. 8-31 is:

Oop = 25,000 psi at -320°F

Skin gage required in the weld zone with the operating stress = 25,000 psi and
operating pressure plus head = 119. 2 psi:

¢ = 119.2 x 1 x 525
T 25,000 x 2

= 1.25 inches (aft head)

The required pressure for room-temperature proof pressure at o = 23,800 psi:

_ 1.25 (23,800) _ .
Pproof 1 (525) 114.2 psi

Second-Stage Loads — Figure 3. 2. 8-32 presents the second-stage design loads
versus station for ground-wind and flight-loading conditions (see 3.2.8.6.2).
The ground-wind load condition was based on no internal pressure and propellant
tanks filled. The ultimate first-stage maximum symmetrical thrust loads were
determined by combining ultimate axial loads and minimum internal pressures.
The maximum q 20-degree-angle-of-attack load condition is a failure condition
and was considered as an ultimate load with minimum internal pressure in the
hydrogen tank.
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3.2.8.6.3.3 Second-Stage Materials

The analysis of all-welded cryogenic tankage used 2219-T87 aluminum allowables.
This choice was based primarily on fracture toughness and weldability consider-
ations. This alloy has excellent stress-corrosion resistance based on standard
corrosion testing. The higher strength, comparable reliability, and successful
performance at Boeing led to the selection of 2219-T87 over other alloys. The
ultimate and yield strengths of 2219-T87 versus temperature are shown in

Figure 3.2.8-33.

The analysis of the thrust structure and all-built-up unwelded structure used
7075-T6 aluminum allowables. The allowables are given in Reference 5.
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3.2.8.6.3.4 Hydrogen Tank (Second Stage)

Forward Head (LH, Tank) — The forward hydrogen-tank bulkhead is a 0.707
ellipsoid terminating in a Y-ring sidewall joint. The bulkhead segments are

tapered to the minimum required gage. The skin gage was designed by proof
pressure,
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Sidewall (LHg Tank) — The hydrogen tank sidewall consists of integrally milled
T-stiffened panels. The skin was designed for room-temperature proof test
pressure, and was checked at the forward and aft end of the sidewall for com-
bined stresses at maximum q, 20-degree-angle-of-attack failure load conditions.
The skin gage at the aft end of the sidewall required additional thickness to
accommodate combined stresses. The stiffeners and skin panels were tapered

to increase the structural efficiency, and frames were utilized to provide stability,

With constant stringer spacing and skin gages fixed by presssure requirements,
minimum-weight sections could not be obtained at both extremities of the tank.
To obtain a near-optimum-weight design under these conditions, the section

of maximum load was optimized and a positive margin of safety was accepted
at the section of minimum load.
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Aft Head (LH2 Tank) — The aft hydrogen-tank bulkhead was a 0.8 ellipsoid

terminating in a Y-ring sidewall joint. The 0. 8 ellipsoidal bulkhead was selected
to minimize the stability problem associated with elliptical bulkheads and large
pressure gradients. The bulkhead segments were tapered to the minimum re-
quired gage. The skin gage was designed for uniform internal proof pressure.
The skin was checked for stability under hoop compression forces.
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3.2.8.6.3.5 Intertank Shell (Second Stage)

The intertank section is a stiffened-skin semimonocoque structure sized by the
optimum design method of Reference 16 for the maximum load in the section.
The maximum load occurs at the maximum q, 20-degree-angle-of-attack fail-
ure condition. Zee-section stringer-frame panels were used.
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3.2,8.6.3.6 Oxygen Tank (Second Stage)

Forward Head — The LO, tank configuration was selected on the basis of the
second-stage tankage bulkhead trades (see 3.2.8.4). The resulting configuration
used an off-loaded ellipsoidal tank, The forward LO, tank head is a 0. 707 ellip-
soid joined to the 0. 8 elliptical bulkhead with a double Y-ring. The bulkhead
segments are tapered to the minimum required gage. The skin gage was designed
for hydrostatic proof pressure, room-temperature allowables, and water-pressure
gradient.

Aft Head — The aft LO2 tank bulkhead is a 0.8 ellipsoid. The head segments are
tapered from the bottom of the bulkhead to a point 110 inches from the top of the
lower bulkhead. The large pressure gradient associated with first-stage burnout
loads produces compression stresses in the upper 110 inches of the aft LO9o bulk-
head shell. The skin thickness was increased in this area to prevent instability.
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3.2.8.6.3.7 Thrust Structure (Second Stage)

The thrust-structure configuration was selected by the second-stage thrust
structure trades (see 3.2.8.5). The thrust structure selected consisted of two
aluminum shear-resistant thrust beams supporting a center engine with four
equally spaced engines mounted on an aluminum ring. The engine thrust loads
were transmitted through an aluminum cone-frustum structure, stiffened by
four longerons and multiple stringers. The longerons were tapered to shear
the load into the cone-frustum structure. A ring was placed at the cone-sidewall
junction to react the kick loads caused by the slope. This ring is loaded by
hoop tension because of the geometry and some bending because the thrust loads
are not completely redistributed. The nonuniform load induced in the interstage
structure by the second-stage engines is less than the design condition of the
maximum axial acceleration during first-stage boost.

Description — The thrust structure consists of the following components.
® A thrust beam system that distributes the center-engine thrust load to
four points on the engine-mount ring. The thrust beams also provide

support for the engine actuators.

e An engine-mount ring capable of carrying the conservatively assumed
uniform lateral kick load that results from thrust load and the geometry
of the thrust cone.

e A stiffened cone-frustum consisting of a conical shell, four tapered
longerons, and multiple stiffeners stabilized with rings.

e A forward thrust ring capable of carrying the thrust kick load that
results from the cone-frustum geometry.

Design Loading Conditions — The thrust structure was designed by consideration

of two loading conditions.

¢ Five-engine thrust at start-up with a dynamic factor of 1.4. This con-
dition designed the majority of the thrust structure with the exception
of the thrust beam.

e The four outside engines gimbaled 7.5 degrees radially outward with
the center engine null. This condition was the critical load in design-
ing the thrust beams as a beam column.
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Longerons and Shear Red1str1but10n Structure (Thrust Structure) — The thrust-
structure longerons and shear redistribution panels were analyzed by the numer-
ical method of Reference 2 to determine the shear-lag effects, A detailed
description of the method, including pertinent symbols and formulas is given in
3.2.8.6.4,5.

A width of 100 inches on each side of the longeron at the forward ring was assumed
as an effective compression width.* The stringers provided in this width were
assumed to carry all of the longitudinal load; the skin panels were utilized to re-
distribute the load applied at the engine mount ring. Since the panel width varies
along the length of the cone, the "bJ" distance used in the calculations was varied.

Critical design condition: Engine start-up.
Ultimate longeron load:

6%
p -38Bx107" o160 x 103 Ib.
o cos 30°

One-half of the symmetrical structure was analyzed for an applied longeron load.
P =3 Po = 2120 x 103 Ib.

Tables 3.2.8-14 and 3. 2. 8-15 show the calculation of terms used in the shear-
lag equations.

*  Figure 3.2.8-35
**  Figure 3.2.8-34
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3.2.8.6.3.8 Forward Interstage (Second Stage)

. .
® L
-* ® o0 L J
Q L
*

The interstage structure is a stiffened-skin semimonocoque shell sized by the
optimum design method of Reference 16. The maximum load occurs at maximum
4, 20-degree-angle-of-attack failure condition.
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3.2.8.6.3.9 Slosh Provisions (Second Stage)

A slosh analysis was not performed during this study. Slosh structure has been
indicated in the configurations and weight estimates have been made, based on
previous experience.

The ring stiffeners in the hydrogen tank were incorporated with the slosh baffles
to achieve an integrated design of greater efficiency.
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3.2.8.6.4 First-Stage Detail Analysis

3.2.8.6.4.1 Discussion

The detailed layout drawings of the first stage are shown in Section 3. 2. 11,
Figures 3.2.11-2 and 3,2.11-3.

The first stage has high L/d motors that are approaching the region where
ground-wind loads design the case walls. Using 250,000 -psi maraged steel,
the resulting margin of safety for the ground-wind condition is 0.005.

The cluster structure (Figure 3.2.8-1) was designed for load conditions judged
to be critical based on previous load-path work from Contract NAS8-2438. The
referenced work contained a complete stiffness analysis of a structure similar

to the present configuration. Externally applied loads of the present concept
were compared with the external loads of the referenced concept and were noted
to evidence similar trends. The maximum-q loads for this concept were slightly
lower than the referenced concept. Therefore, the maximum-q load was not a
critical design condition.

The indicated critical design conditions were maximum symmetrical acceleration
and unsymmetrical thrust termination. The members by these load conditions
are shown in Figure 3.2,8-1,

The major load path for longitudinal shear in the cluster structure is through the
intercostals into the redistribution ring and motor-case skirt extensions. The
crossbeam provides section stability and redistributes axial loads.

The base support concept was also developed under Contract NAS8-2438, which
indicated it to be the lightest-weight approach. Three support points were
recommended for each motor to permit alignment of the structure during erec-
tion and to minimize redundant loads in each motor.

The support-point locations were placed outboard of the motor sidewall center-
line to clear the vehicle drift-cone envelope and to provide sufficient clearance
for the ring structure between the nozzles and the skirt.

The location of the support points produced a bending moment in the skirt because
of the eccentric load application. To react this moment, a pair of rings was
incorporated in the base skirt and connected by sloping columns to force the
moment to be reacted by kick loads in the rings. Tapered longerons were then
used to redistribute the axial loads into the cylindrical skirt extension, which
was of skin-stringer construction.

Analysis showed that 86.6 percent of the critical support point load was attributable
to vehicle weight and 13. 4 percent to ground wind loads.
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The upper rings in the skirt were also used to redistribute the loads transmitted
between motors by the clustering link ties.

Honeycomb structure was used in the aft portion of the skirt to carry distributed
airloads.

3.2,8.6.4.,2 Criteria and Loads (First Stage)

The design conditions and criteria for the first-stage are shown in Table 3.2,8-8.

The load distributions for each structural component are included in the indivi-
dual analyses contained in the following sections.

3.2.8.6.4.3 Materials (First Stage)

The motor-case material selected for this study was 18N1-7CO-5MO maraged
steel. Boeing test data indicate the following properties:

Ultimate strength 250,000 psi
Yield strength 240,000 psi
Elongation 12 percent
Modulus of elasticity 27 x 100 psi
Reduction of area 58 percent

Weld efficiencies
(local aging) 98 percent*

Weld efficiencies
(heat treat after welding) 97 to 98.7 percent*

Kjc fracture toughness parameter
(welds) 77 to 81 ksi Vin **

K¢ fracture toughness parameter
(base metal) 137 to 139 ksi Vin **

At the inception of this study, valid weld fracture toughness data were not avail-
able. On the basis of the base metal fracture toughness data, maraged steel
exhibits good potential as a large booster case material, and was used for this
study. The tabulated weld fracture toughness has subsequently been obtained in
Boeing tests of TIG welded specimens. This data indicates a potentially serious
toughness problem in the heat-affected zone. The critical crack depth at these
toughnesses will be approximately 0,046 inch, which is considered marginal
from an inspection standpoint. Data from other sources indicate that MIG
welding and 12-hour aging produce even lower fracture toughness values.

* A 90-percent weld efficiency was assumed for this analysis.

** See Reference 19 for definition of fracture toughness.

II-120




| LGl Lpdsbdegir i il 0

In view of the weld toughness problem, development work should be performed
to determine if variations in weld techniques can improve fracture toughness.
Methods of reducing the operating stress in the weld zone by local thickness in-
crease should be considered. Reduction of the alloy ultimate strength is another
consideration. The investigation of other materials should also be intensified.

The alloy used for unwelded applications was 7075-T6 aluminum. The material
properties were obtained from Reference 5.
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3.2.8.6.4.4 Clustering Structure (First Stage)

The clustering structure consists of stiffened motor-case skirt extensions tied
together by intercostals and redistribution rings. Crossbeams were used to
stabilize the structure and to redistribute axial loads (Figures 3.2.8-1, 3.2.8-36,
and 3.2,11-3). The primary load path for the transfer of longitudinal shear
between motors is through the intercostals. Approximately 98 percent of the
moment on the individual motors is resisted by a couple composed of lateral
shear forces in the clustering structure and in the link ties at the aft end of the
motors.

Results from a previous study (NAS8-2438) were used as a guide for determining
the design loads on the clustering structure. The loading conditions considered
were symmetrical maximum thrust, unsymmetrical thrust termination, 20-
degree angle of attack with null thrust vectoring at maximum q, 8-degree angle
of attack with 3.5-degree thrust vectoring at maximum q, and the vehicle
trimmed at maximum q.

Symmetrical Maximum Thrust Load Condition (Cluster Structure) — The assumed
load distribution of the forward skirt extension and the interstage on the cluster-
ing structure beam network is shown in Figure 3.2.8-36. The longitudinal load
distribution is shown above the centerline and the lateral load distribution is
below the centerline. Both sets of loads are symmetrical about the centerline.

Approximately 98 percent of the moment due to 96. 4 inches of eccentricity in the
resultant interstage longitudinal load is resisted by bending in the motor cases.
This was determined by requiring compatibility of the rotations in the plane of
the clustering structure beam network (see Figure 3.2,8-36). The rotations in-
duced in the clustering structure were calculated by conservatively assuming
that all of the moment was resisted by bending in the solid motors. The proper
load distribution to produce these rotations was then determined by iteration.

A comparison of assumed quantities with the resulting calculated quantities is
shown in Table 3.2, 8-17.

The reaction of the lateral shear loads by the beam network and intercostals was
determined by a load-path stiffness analysis. The stiffness of all direct shear
paths was assumed to be inversely proportional to their length. Where the bend-
ing of free-spanning members was involved, the stiffness was assumed to be
inversely proportional to the length cubed. The resultant reactions are shown

in Figure 3.2, 8-40.

The outer ties were analyzed as fixed-end beams with an elastic support (the '

crossbeam) at the center. The outer portion of the main crossbeam was
designed for the elastic support loads resulting from the outer tie loads.
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The rings mounted on the forward skirt extension were analyzed for the forward
skirt loads, interstage loads, outer tie loads, and the reactions of the intercostals
and main crossbeams. Because of symmetry of the ring and the loads, only one-
half of the ring was considered. Longitudinal and lateral loads were analyzed
separately and the results were superimposed. An energy solution was performed
on the ring to solve for the redundant moments and forces. The resulting loads on
the ring are tabulated in Table 3.2.8-18.

After the analysis was performed, the design was altered by removing the portion
of the ring between the intercostals. The main crossbeam in this area was de-
signed to resist these loads in addition to the loads from the outer tie and the
loads induced by rotation in the plane of the beam network. (See Figure 3.2.8-41
for resultant loads.) The shape of the clustering structure was also modified.
Curved rings were used around the inside and outside corners to improve the
transition geometry of the forward skirt extension (Figure 3.2,8-1). The analysis
was assumed to be valid for the modified structure.

The central portion of the main crossbeam was arbitrarily made the same size as
the outer segment., Because of the length of these members, they are too flexible
to constitute a significant load path. However, they have been included to supply
lateral stability to the cross section and to redistribute lateral shear forces.
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17.5x10 P / V4 /4 4 / /\ 17.510 P 108
7/ N
/ %'K= 10.3 x10° L& A
-l
>t T.?ouo P

-T
1\.30 xio P .S1§ x10 P

kX
Assome AREA O©F MAIN CRoSS NEAM = 1S In

- 6
K= AE . 75xl0xi90 < 10.3 x10° L3/y
L 73

[ |onos FRoMm FIgURE 3.2.8 -3¢

D’ Comnvenct NAS8-2438
II1-128




RN R & O R R

Figure 3.2.8-39

LOADS ANI\LYSIS For ?wgw SYMMETRICAL MAX. THRUST
CONDITION.

LongiTupwar | oavs

1.39P
INTERCOSTAL
LOADS(FRQM

EquiniBRive
CONSIDERATION S

,:gP ® Doww Lonmos Lfss"
.33P ® Ue Loaos
oo P
sequent) (5 o + HAND RULE
NUMBE& MomewTs (+) 8y RT. R D ar
L1103 LoAps PERPENDICULAR TO PAPER ARE ©
/ FROMm FiGuee 3.2.8-36
Oo¥P .OMP ~
B o Fane of SymmeTry ,L°2’
@L.n.c"- LENGTIH oF SEGMENT — ey
OUT SIDE CoRNER INSIWDE CORNER,

OnLy  ONE WALF  OF RING WAS CansineRep DUE To
SYMMETRY AF LOADS AND STRUCTURE.

STRUCTUIRE wAS MADE STATICALLY DETERMINANT AND
STASLE gv FREGING INSIDE CoRNER. AND FiriMG QUTSIDE
CORNER .

By symmerey The SHEAR , TORSION , AND THE ROTATION IN THE
M DIRECTION AT THE PLANE OF SYMMETRY ARE BERO.

© > RoTATION AT INSIDE <ORNER FOR APPLIED LOADS ON
BASE STRUCTURE .

e, = Ro’rA*r:w AT 1NSIBE  CORNER FOR  UNIT MOWENT
on BASE STRUCTURE .

M= MoMENT pueE To APPLED LOADS
T 2 Toasiow Due To APPuED LOADS
M1 = REDUNDANT MOMENT

M &, + & =0 (Euxsnc Equmcou)

1-\-\5 RESULTING LOADS ARE TABULATED IN TasLe 3.2.8-I8
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]:igu re3.2.8-40

Loaos Anarysis For Ring - Symmerrca Max. THrusT
CoNOVTION

L.AveraL Lomps

QUTER-TIE LOADS %6, 600

. . INTERCOSTAL
( .38 x10 1N-LB @ N\ 5700 ReAcCTIONS
76,400L8." /coota
5.64%10°  1.9%«

25,309
L ATERAL SHEAR FoRCE DUE N2 800

TO ECcceNTRC INTERSTAGE LOAD,

= .98« I'»JTEAGT'Aqt-: LoAu X Eccmnnc.a'ry
Motorecnse LewgTn

A48Sv10 @ PLane o SvymmgeTry _
OUTSIOE INSIDE Fr,
CornER coance, *
/Y

WiLL ANALYZE oOmE HALF OF RING BY SYMMGETRY
Snal\a LOAD AT PLANE OF SYMMETRY IS TERO

S‘\'RdcruRE WAS MADE STATICALLY DETERMINANT AND STASLE
BY FixiNG AT QuUTSIDE CoRNER AND FREEING AT INSIDE
CoRNER,,

S*r&ucruae 18 TWQY TIMES REDUNDANT
By Symmetry @ TrRawsiaTiOon AT P’ =Q
QDTATION AT M, = Q

NEgLECT Shear Aavn Axiae  DeslecTions

PStp + MSpm + A=0 ELASTIC EQUATIONS
Pome + M & + 0 =O

P+ REDUNBANT Force M = rReEoUNDANT MoMenT
D = DeEFLECTION OF BASE STRUCTURE IN p ORERTION

¥ = ROTATON. OF BASE STRUCTURE  IN 79 DIRECTION
SPPz PEFLECTION AT P DUE O A UMNAT LOAD ®

Smm ® ROTATION AT My DUE To A UMiT MOMENT My
SPM = e...,,- PEFLECTION IN P DIRECTION DUE TO UNMIT MOMENWNT Leg B

The RESUWTING LOADS ARE TAGULATED IN TABLE 3.2.8-/8
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Table 3. 2.8-18
Resuirant Ring Lombs - Symmetrical maxamom THRUST

CONOITION
g - LongitommaL  Loads LaveraL LoAos
EGmME
s Moment-My| Torsion MomenT~-M,, | AxinL Loap
4
(msmccu,‘:g) 2.21 P e o 2 Y42 x10 g +61,300 L8
1
2.21 P o 242 61,300
2.0tP .23P 2.4%2 ¥S5,100
2 i
2.01 P .I3P /.78 4S 100
l.toP .52P .78 33,400
3
I.0oP .52P . 8% 33 600
).33P .ioP .B% S¢,10Q
4
-2.S9FP .IOP i 54 100
l.S6P -L77P - L.1% 29,000
5
3.1/ P - 1.L717P -4 67 -27500
3.57P 0 - 4.6 - 38300
S
G"'TS::‘ZENEK 3.57P o) -4.68 — 38,300

[Dasr.--ue MOMENTS ARE COMPRESSION IN RovToM FIRERS FoR
LonGiTUDINAL  LOADS AND QUTSIDE FIRERAS FoR LWLATSRAL LOADS.

Ton‘ts\ou TENOING TO TwasT  TwaE RAWG  TowARD INSIDE
18 POS\T\VE .

Axiac Loabs -~ —Eus‘ou 'S PosaTweE CoMP&ESStou 1S NEGATIVE,

gNEA& LoADS NRE REWATIVERY SMALL AND THEREFORE
HAVE NJOT Be&N “TARULATED.

6
P-' 10.78 x1O  INn=LB yLTIMATE
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Figure 3.2.8-41

MA:N CQOSSBEAM (INTERCQSTAL AREI\‘) [_oADs ANALy$|S
SymmeTRICAL Maximom TrrusT Convoimion

¢l43,aoo

/ 1 O3 1,
/ Yl2x0 e

74

78,600 L8.

Acc lLoaps Arc

Ul_-l" MATE

43000 LB

Tl—-iE LOADS RESULT FROM A SUPERPOSITION OF THE
CROSSREAM LOADS AND THE CALCULATED RiING LOARS FOR
SEGMENT @ FROM THE PRECEEDING PAGE. LATERAL LOADS
HAVE BEEN OMITTED FOR CLARITY. SEE SYMMHETRICAL
MAXIHMUM THRUST LWOAD CowmbdlTiod) DIsCUSSIeN, 3.2.86.4.2,
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PR R ipddinin i iE i
Quter-TeE Srress Analvsis
If~ 7
;j" "‘ J‘ .so0” A’ 72.8 '
| Ix,( = 13 000 v
"
. i Iyy = 2275 1w
3 DES\(,‘N Couornoo\}.‘ Snuerhcm_
Max  Turusy
ULrimae DES\C;N l_oAaps b
7 I M = ¢
! . j ifi Vieg - I7.3 »tD IN-LB
7 M7] T 1.88 :tOélU-Ln
12" \/7 = 1,60 xlO‘ LS
MaveepL: 7075-T% Vk = .097 :uo‘ ()

Axia. Loag = + 61,600 LB
Maimon STRESS In ouTER. FIBERS

(4 6
Cuax = I3 %10 213 + 1.883 x10 x6 * §1 00
13,000 s ?22.5

= + 54 400 psc

76000 _

M.S. = S4%00 | = 40O =<

Wes Stasiry CHeck

-— [
te = 373004 %0, 100 pxi
13, 000

£e = l.ﬁsnto‘xé__ 6l 400 - '~f3ool>si
2Us .S
) .
‘Fs = .60 <10 = 1‘7‘/800/33,_

TLx3IY x. TS

=

CD’JSE'(LVA'THIE\.Y ESTimATE Eg = VEET
[ Figure 3.2.8.38
P R\zrsgeuce /] PAGS 3926-398 AnvD Y02
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et in2logu3RLEI ¢

Outer-Tie  GvreEsS AnALYSIS (CON'T)

/—\smme ?‘» bo,000 FSC ET’:?..S;,HOG P

Tre=\l0.2x2.9 x10° =800 x:oé/;.m.' .

’HE AmouNT OF FixiTy oF TwE TWDGES oF &
wER s AssomeEn To 8T 4§ 7, [T

.- ke )

= 4 2
F&: = 2l X S.00OxI0 (ﬁ‘s) = 129,000
3

[s=

s Use Fp= F = ¢¢0000ps

8
Fs =&6.35x5.10 xlos<._z§)l = 37lboo/>sc.'
)

D G kA .
Fo = #£.85 x5.10 x10 (.‘?5) = 28}800/DSL

/?L=“!.f;ug_9 = . 609
()e/ooo

e = H30e_ = .1SO
28 300

Ky = 24800 = .€GO
37/600

==

MS = .0 —e——

L—OCAL Can‘-'m.wg OF THE FLANGE 1S NoT RV TIcA

[ Rererence 3- Secmion 83
= Rererence /! , PAGE 33€
[ INTerRAcTION QURVES FoR FLAT PLATES

LoAaRED N B\:Mbwg) SHEAR AND LONgGITUDINAL
COMPRESSION.

Reregrence 13

E= Rererence 5§
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Rivg. _Stress Annysis (CLOSTER STRUCTURY)

*‘,o"

“J__F—_Jl .50" A = 8.0 w"

1

T
3¢” A _t'— .75 - 7

A
V\/EB STIFFENERS
Yox & x % ANGLES

K. AT 26"
¥

MI\‘TE'UAL Y 70715 -T¢

...If

| G

L

DESIQN CO'JDlT'IOI\J: SYMMET»(lCAL. MAK!MUM _T:—lRUST

UL_\'|MA‘I‘E DE:!@N L,of\Ds D‘

é
M,u = 334 x10 i~n-LB

¢
MH = @6 AI0 Ju—LRg
T = 19.00 x /oé IN-LB
V, = O
/
Vi = 16 600 Lg

A)(IAL LQAD = -27/-500 R,

MlNIM\)M S‘nzess N OUTQ'L F_iBG»tS‘

"

&Nlﬂ

Lux = /3 830 w

w
3330 1w

- 334 x10° x17 469 x’O‘-( 72S _ 11,509
13,830 3330 86

- “/,000- 10 So0 -320

= = 51’300 Yol £€.000

MS= 580 ~/ = .27 =

TagLe 3.2.3-18 , SEgmMenT 5
ReFerence S, Fe, = 66,000 Psy

vy
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U e

Ring STeess AnALYsty (Co”’7:>,.~.~——

SHEAR FLow

4
2 = 1 . 19 +10 = 18 bo0o0 LB//N
- A TxISx3Y

\/\/E R S TNV WAATY C_ (Ml urel 3¢

by = 13092000 = 31 300 pse
17
£s = 18,600 = 7..‘{/ 8ou Yalds
.75

‘Cc_ - /()/SOO IDSLI

Con STAVA TIWELY Esvrmance o= \" EE+ b‘

ASSUME ‘c = 60,000 P-SL’ . b'r R KIO‘Psc. D
Er{’\s:'o.?)xz.'s “05: S./0 KIOG/JS:;

Q/ - _Z_é_ = l-O -t— = ',ZS

b 26 b 76

[ AMOUNT 6F FixiTy 0F TUE EDGES oF THE WER

1S  AssumMed To RE 5§ PR cewnT p
t‘L
b,

Fee= KE( )

— 'P 3
o= 216 x5.10 xi0 (.15>L= 7/,8 00 ,>

=6 - Use F) = /:_/ = &, 000 Psy
Fs = Fso = %€ 000 psy K-> oo [
=

- z
e = 6.80x% 5. 10 xlo<’<,2§> = 26; 308 /osd
26

l>' Rereresnce /] praes 396 -2398 ~nb Yoo
D EEFERF_NCE I - SEcT/ov 83

[3= Reretence 1 page 336
[EF= Rererence 13
[F= Rererence 5
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LR Labbpemi i PR G

NG Steess AnNALysis (COUIT)

Re= B = .47

% = 24800 = .Syo

44,000
é,c = IO: 500 - . ¢S5
238 8oa >
|
MS. = .ot
F-LANJQE TAZIL\TY MS = 12 -

U= ITot=eaction Corves For FLAT PLATES
LoAapEd N BENDING SHEAL AND LONGITUDINAL
ComPRES S 10V
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T i 0 i

MA\N CROSSBLAM (OuThR SEq‘MCl\}T') STRCSS /\NA;YS|S

I n

- _ | e
LT L ﬁw[}hmi —F

| g

N
[

L]

Ix‘,( B /o 600 /A/

%" L1

Ll_r I J—L] A = 6/, ‘7‘- /A/
MateeinL : 7075-T6
| 3¢ |
= =
DES\QN Comotion & SymmeTtricaL Max imum T RIST

Uttimate Desicnw Lonaos

[

< é
Miv= .023 x10.75 x10" x73 = /B.05 xIO IN-LEB ulTmaTs
VI, ¢ = ¢
y = .023 x)0.75 x 10 = (248 x/0 LB. UVLTIMATE

=

-2 6 _
Axiac Loap = SIS »/b x/0.75x/0 T 5§, 300 LEB. VLTIMATE

MlNIMUM STRESS N OJTER F.IQE&S

6M\~| = - 18,08 xloc’x 17 _ S5 309
/o, 600 6. Y
= " 29000 T 200 = T 29, %00 ps-

S\-\G_’r—\r{ STRES$ 1N \I\/EB

Q ’
7= v - .l148xi10 = /Y% €00 /35'4.
A 2X3%%.LS

COMPP\ESSIQN g—rﬁ@\zqm-\ ar S TS NED FL..AUC;‘E b

STIFFEMEQ CRUSHING STRTNGTH "‘_g = SlA/Ooo [‘JsL

Suee L/t - 12 = Y4B

.25

C= Figuee 3.2.9- 38
= Rereesnce /0 IM-138
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SN D}-zaésl-iﬂ' R

Man, Crosseezam (ovTter. seymens) STeess Aualvsis - (C.o»/lT)

SHEET B\)(‘_I:L\Nq STRESS = Zé, SO0 pPs)

P’\vJCL CQ\JSHH\IE gTﬁ.CugTH ’”,-_ = [—: STIFF Asr:rr—‘ + Fc-sx.u Asmu

/‘\ST\F + Ascw
= _SY oopox2.2! + 26,500x3.0
S.21
= Q0 /Dscl
Fu'b THE RADIUS s} GYRATION ©F STIFFENER ~SHEET ComMRINATION

2w = |, 71.4\’ l.7x.zs]’lo,3wo‘ P
Z%?oa

= 9.0 IV}

Wet | 8x.25 = .9% S - 2.e2 = /.39
As .21 e 1. 89

(f)"z /.0 S 89
Foe gw‘rreugb Pavec ( ' -~ 38.6
AN

5 Avowase
PAneL AuLTimaTe sTRESS = 33,000 pPsé
MS= 33 300 | = .09 ==

19,900

\/\/EB STAB\\_\TY Cheex (/-\REA 1)

fo = 25 G0 psi (Ave. CoMRESSIVE  STRESS on AREA 1)
i:s A Soo/)si E=ET=ER E
Fee= KE ( )

= >

2 %
F = 4_7x/o.3x/o‘(%5_> = J2.6x/0 ~Use [5=Fs, = LS LTS)

RefFerence 3- Secron IS
RerFerence 3 — Sgcmion 83
Rererence |13

ReFERENCE S

vyvy
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it ociimgpaman B0 R

Main Crossgeam (ODTER SEGMENT) OTreEss AK\)AL\/S{S—(CON/T‘)
¥ =

= 2

w
Fo = 3.€ x10.3 "/OG('ZS) = 2.28 x/0
S)

>
S, Use Feo = F2

y T 66,000 ps¢

Ks = /¥ oo = . 33 1€=2560o2.39
#s5,000 ¢, 000
[INSY
RS + EQ = /

/\/o‘\" CQ(TICAL

}> Rererence 13
[Z=== Rererence 5§
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§.E §:. E.: §..£m:2:§31;‘ § §' § §:. §'E

Maw Crossream (INTERCOSTAL ARER) Steess Awnacysis

' S - A
T L ‘qH ﬁ Il ”‘ N
| | Agea 1 A i‘: ," !

H

5.06 .38

v

T

l_.l

]

= i el
i | .' A‘=lo|.0 ™

l—&x: |3,900 N s

> MATER»AL - T7075-T6

DEs‘qN Cowb\-rxou: SYMMET&\CA\_ MAXIMUM _FI:{R\)ST

Ut wmare Dasigy Loass [

M,(,( T 4.2 x /o6 IN-L3

Vj = 15/-3/000 LB
Aciac [Loas = *+ 78600 LB

STrEss IN  OUTER  FIRERS

Srnan=+ l/—/.ax/oc"xl‘/ + 78,680 l

13,700 lo1.O
|
= Sodoo 4783 = + 5180 psc
= -So4o0 + 780 = —%9 620 pst

St—\EAm Sw—aess N \I\JEB

7’= V _ 143,000 . BYoo Fs(

2= LILETEA S

A ER x,2S

Comeression STecncTd oF STiercnvep PANELS ——

STIFFENER, CRUSHMING STRENGTH Fe = &S, 000 Psi
- b - 7.5 = 30
SHECT 4 =z

SueeT BUCKLING STRESS — 4‘2,000 rs/

= Figure z.2.8-4I
[E= RerereNce 10
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I b

Main CQOSSBEAM( INTERCOSTAL AREA) Stress Avacysis = (con 'T)

65,909 n'r.12 +%2,000%2.9
412 +2.0
= 57 €00 psy

Paver Ceuswing SteengTH b =

r:wo THE RADIUS ©OFT GYRATION OF STIFFENER-SHEET CoMBINATION

.
2w = 1.7*.15\'10,3*:0‘ = 6.8 D
47/‘730

Wet - €18 x.1S - .3M S . 2.6s . 1.33
A $.12 P 1,99

(%_)7.‘,.07 e= 2.07

Foe Sticpeven Vaneo (L') - _é__)-_- &2 . 30.0
A r Ve 2.07

pAUE.k ALLOWABLE UL TIMATE STRESS = 50’ Soo />S'L.

MS = sos00 _) = .02 -
49, 620

Wes S tamury Creck (AAEA 1)

‘rr. =Vll7oo/psc'(Av€. ComprRESSIVE STRESS ow pAv:,g_)

§$s= IS P ¢

CONSE&VATNGLY Assume E&'~ \'E =+ b
- & _ é
E& =\ 10.3x /O xX10 = 10.2 x10 /""'

B>

FS = ¢9 x,0.2xi0° <-2.S)-'~ = 12.8 :uo\'L
S

F=

s Use Fs=F5,= ¥Sao00 Psi

"
Fe= 3¢x 10zx0%( 2s\F = 9.22x/0
5 I
& Use Fo= Fey =€6,000 Psy
= Rererence 3 -~ SecTion 1S
[= ReFereNce |1, PAGE 39¢-398 AnND %02

B> Rererence 13
= Rererence S
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238 %% phdagmomii Bl 3%

/
M aw C&ossBE.AM (\N'\'E.'RC.OSTAL_ AREA] STRESS A'\)AL ySis - <Cou ‘r)

les = B%oo - ./87
45, 0ao
e = 42 00 - .&58
66 o000
1. S
/es +e<, = /
., WER RUCkWUING IS NOT <crRITICALL
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D2:224.31.ti[1 'E E

Unsymmetrical Thrust Termination Load Condition (Cluster Structure) — The
unsymmetrical thrust termination load condition consists of five motors at full
thrust and one motor at partial thrust. The loads were determined for a +3
sigma variation on the burn time for the thrust-time curve, Figure 3.2.8-19.

Since an exact solution of the loads distribution requires a complete stiffness
analysis, the unsymmetrical thrust termination loads were determined by three
independent approximate methods. Method I is based on data generated during

a previous study under Contract NAS8-2438. This method breaks the intercostal
longitudinal shear forces into two components. One component results from the
inertia load of the partial-thrust motor and the other results from th= portion of
the second~stage inertia loads going into the partial-thrust motor. Since the
motor is not at zero thrust for this vehicle, it was necessary to calculate sym-
metrical and unsymmetrical load components so that the previously generated
data could be used.

Method 1I is based on breaking the load system into symmetrical and unsym-
metrical components and superimposing the two. The symmetrical component

is for symmetrical thrust on all motors. The unsymmetrical component is due
to the bending moment introduced by the unbalance of thrust between a full-thrust
motor and the partial-thrust motor. The basis for this method is theoretically
exact for small deflections. It is limited by inelastic action and the assumptions
regarding the distribution of the moment into the solid motors.

Method III is an arbitrary distribution and is included to illustrate the distribution
of the unsymmetrical thrust loads on the overall vehicle. The structure was
simplified to facilitate the analysis by representing the six motors with four
motors arranged in a line. The two middle motors in the simplified structure
each represent two motors in the actual structure. The partial-thrust motor is
an end motor, Because of the complexity of the loads system, the method of
superposition was used. The necessary assumptions are indicated on the indi~
vidual distributions. The resulting load distribution shows the system in
equilibrium,

The three methods considered yielded approximately the same design loads. The
loads for Method I were used for analyzing the structure.

Intercostal loads were determined by superimposing the secondary loads induced
by bending in the motor cases with the longitudinal shear loads due to unsymme-
trical loading, The portionof the longitudinal shear load reacted by each inter-
costal was based on the rotation of the motor case at the plane of the clustering
structure.

The forward skirt consists of semimonocoque structure with large stiffeners
and frames. The structure was analyzed for out-of-plane bending due to the
unsymmetrical thrust termination loads. The intercostal loads were reacted
by the ring and the forward skirt extension. The portion of the moment equal
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to the symmetrical maximum-thrust intercostal moment was reacted by the ring.
The remaining portion of the moment was distributed by the ring to the forward
skirt extension. The skin was designed to be nonbuckling to prevent panel flutter
during flight.
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Figure 3. 2.8-42

UnNSymMETRICAL EKQST ‘F‘:‘&MNAT\OH Loans Analvsis

BASED on DATA FROM pevious VEMICLE STuoy L=~

A

LQI\)C;TFI oF INTE(cosTAL_

-t
; ]\_;;,,.7 C Swear Load Patw = Y€ .
KL
"‘f' +

LENqTH oF INTEIQSTAqE
SHEAR LOAD PATH = 400 V.

PagTiAL Tirust MoTOR

<lA =

&
TH({QST on EncH OF FIVE ™MOTO04LS = Full THRUST = (4. 1L XI0 LB. ULT MATE

T —_— 6
quus—\ [«1N} ONE MOTOR = ParviaL \-RUSTS 7. 60%x10 L3 VULTIMATE

&
INERT\‘\ LOAD PER MoToR = TJZ.H RIO ug. ULTIMATE

6
ANT(SYMPETRKALINERTIA Loap = (/4./2—-7.60 3.1 » 1o
14,12

é
= [, 4% x 10 g

Loap THRouqH InTerRcosTALS = %00 x ¢+ = I.3Ox/oé(,5.
446

¢
Loas Turougn INTERSTAGE = %6 4 LY¥ = ./4x/0 G
dg

On Previovs stuoy 7.9 A oF ToTAL SECOND STAGE INGRTIA
LOAD  WENT INTO 0uT MOTOR .

4 moTors  , 178 = 1B = 1.8 7 oF Excess szcond STAGE
6 MoToRS INERTIA LOAD INTO MOTaL

AT PARTIAL THRUST

Eéo-(i’»all -'l.‘H)]KIOG“-' S.93 x10 61.3 PoRTIoON O©OF SEQoOND STAGE
INERTIA LOAD RESISTED
SYMmMETAICALLY By KACH
Souip MoTor

D‘ Conmract NASB-2438
B> ':-\qu&E'. 3.2.8 ~19

III-146




AR S L UELERE N

UN SYMMETRI\CAL THR\JS'T TERMWA'NQN LOADS ANA&_.:I_S\S - (c.ou"r)

ANTisymmEmRICAL Z%TAC’E' INERTIA LOAD = /oTAL SECOND STAGE
INERTIA LOAD = (e x 5.93 xlo‘)

4 é
$9.S¢% x/0 — 35.58 x/0

23.26 x 10 @3,

it

//.8 A oF TS LOAD GOES THROUGH INTERCOSTALS

€
.18 x23.2¢6 x/0 = 2.9 uos LR

/o-rm_ LOAD THAROUGH INTERCOSTALS = /., 30 x IOGC
2-3Q x 10

¢ 10 x 10 ¢ LEB. ULTIMATE

UNSYMMETRICAL 1THRUST |EQMINATION

Mevuoo JTI ° BASED onN suPerPosiTON OF SYMMETRICAL

AuDd ANTI- SYMME TRICAL LOADS

SVMMETEK-M. ° |
Lomp PER MoTtok = 2™ Stace Inermna Loap (/(,)

- ) — 6

= (59. 54) /g = 2.92 xI0 LB ULTIMATE
Momeu‘l‘ = (F'uu. _l;uvs-r - PA&T:AL Tuus‘r 29¢ é-v BASE ofF VEH\CLE)

G
= (I\I—.lz‘ 7.60)L96 =1930 XIQ nN-LB

Assun;gg N O GQMBAL ON NOZZLES THERE 1S NO LATERAL
AcceLsErRaTION

THE BASE MOMENT wWiLL RBE REDUCED By ROTATIONAL
INERTIA FoOREES OF gouLlD MOTORS AND ExCESS FIRST
STAGE PROPELLANT.

- 10
I = 1457 xi0

—_ 1 -
Zl =I0< S E ET - /9230 x:0 - /.33 x10
I /487 =« /ol°
as = r« Assomwng | STAagE INCRTS To BE
CoNCENTLATED AT ™D POUNT  oF !/ ST sTage
Mo ToRkS
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Unsymmerricae Turost TeRMinaTion Loass AnAuvsis = (con )

-
Q+ = llo x 12 x1.33 %10 = ,1788% g's

Resvcrons N MomeNT BUE To INERTIA Loan = Mg

T

(S
= S72 «x1t0 IN-L8

Moment AT CrosTErRring OToYC TURE

< ¢ _
M’:(|930—S7—L)'O = 1358 x /0 /Nn-LB UJVLUTIMATE

Loas v ParTiaL ThHRUsST MoTor

P = Ma/ — 1358 xfoex 294 Assumma, STRESS —To
sJ° XTI+ $x TGI8

BE PROPORTIONAL TO

DISTANCE FROM NEUTRAL
Awl S,

é
P = 1.53 x/0 LB. ULTIMATE

ToTAL  LOAD _FRAM INTERSTAGE

INTO PARTIAL THRAVST MOTOR

P‘ro-rm_ = gvMME’TR\CAL L.oAD “'LOAD DVE To )\/]QMEUT

é
= <9.7Z"'/.S3)xloé = 8.37 x/0 L8

Totar Loap TrrougH LaTERCOSTALS

Loao = <Z.om> From I,q*re::(s'rﬂqe + Souo MoTo& IueleA LoAD)

— TrievsT o~ Paemial TieusT Moror

(‘8.3‘? + 3.’\) xco‘ - (‘7,60 x:oé)

3.90 «x 106 LR ULTIMATE

i

Loan

"
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uNsvmmelg‘gAg_ 1H&U§T ERM!NA‘T!OOJ LoAD; ANALxﬁﬁ

MevTHop 1L ¢ - BASED ON ASSUMED LOAD
DISTRIBUTION FOR A SIMPLIFIED STRUCTURE

LongiTuowAaL | oap DisTRIBUTION

por foir| ort | over] fons) omr| @ {2F

fres® __Efsi f':fsEr;E{:Pfﬁ aF| @) far

J.zsi: r..‘,_,,:‘l ‘./.sa {.-uF1 '*.IOS'FL.}oSF1 @J.Io&‘l—‘

{.791-: .

Jigot B K ok IO i Ryt MONN ot

Py o8 F OGN E ,1

@ @ ® @

2150

wWo

OTPYF L0BYF .06I4F |

— = -t - - oy

F 2F 2F 'Y=

F = Tueust Force — Louq:TuD!NAZ Inerna Foece
F=(%1Z~3.1)210% = 1101 x10° 8. ucTimATE

THE Six MoTor CLUSTER WAS GRIENTED As INDICATED 1N Fig.3.2.8-%0,
The sTrRcTURE WAS SMPLIFIED AS Stown asoveE. /ALL SWEAR
FoRkeES WERE ASSUMED TO ACT AT THE EDGES OF THE MoTOR-
Cases AND THE DISTANCE BETWEEN TWE CASES WAs NEGUECTED.
The INTERSTAGE Loass on Motoas (@) Awp (F) WERE Assumen
To AcT IN THE CENTER OoF TIE CASES. ALL oF THE MOMENT
oN THE I\NDIVIDUAL MOTORS WAS RESISTED By BeENDING OF THE
MOToR CASCS .

EAacu Row (~n THE DISTRIBUTION ARBAY ABOWE THE mMoOTOLS
RERESENTS THE. DISTRIBUTION OF THE FORCE! APPLICD AT

THE BAsZ OF A SINGLE MOTOR. For ©xamel& Tue mHeusT ToACE
F on wmoTorcase (@ 1s oisTRisuTED IN Row(@). Tre LaterAL

FORLES ON THE MOTORCASES WERE DETERMINED BY EQUILIBRIWUM
CONSIDERATIONS .,
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UnsymmeTRicaL Tueust Terminamon Loaps Awawysis - (conlr)

(ME:\'\-\oo - cown Ll')
ITnverTin Loaps DistrRiBUTION

.y =

"N\ F

1.o~+3F’ L.owsr—‘1 /\ '.043F1 m (.ov3F1 L.owsr—'

|

ac1yF L0034 F LOOMF__ .oo\"IF> [ 220" A

SeF_ TN L

950

.00T0S8F . OO%IF JOOKIF . osE
L0OY429F '3
.00858F 00858 0029~

The LATERAL INERTIA LoADS WERE DETERMINED FRoM THE UNSYMMETRICAL
THRUST TERMINATION LoAdS ANALysis. ONE SixT1H OF The
INCRTIA  LOAD wWMmS APPLIED To EAQCH OF THE Two ©ND
MoToRS . ONE THIRD OF THE TOTAL LOAD wAS APPLIED

3o EACH OF TWE INTECRIOA MOTORS RICAUSE THHEY WERE
ASSUMED TUO REPRESENT Twa MOTORS IN THE ANALYSIS.

THE ToTAL MomeNT ON THE Two €8N0 MoTORS WAS
REACTED By LONGITUDINAL SHEAR ForRcEsS AT THE FOoRWARD
END OF THE MOTORS.

ONE WALE OF THE MOMENT AN THE |NTERIQR MOTORS
WAS RESISTED 8Y LONGITUDINAL  SriEAR FoRCcES AND
OoNE HALE whs REACTED AS LocAL BENDING IN THE
INTERSTAGE -
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UnsymmeTrican TnrusT [Ermuiamon Loaos Awnauvsis ~(cown ’r)

MeTHoo IIT Can'v
( )

Resuutant | oaos on STRucTurg

}.'i\ 1.IF
l,l.oesr-' 1.083F‘ " VNIF ,-I’oéF " LY V.avaJ i,-727f-'
~y - > -
0017F  |OTIHF| 003F  laa3¢F | :003%F_ -.:sw‘ﬁ' :O017F
-9020SE_ Ratadid ladlal QoZoSF,
. .00858F 0042
TF 2F 2F HF

THE RESUWTANT LOADS ON THE STRUCTURE WERE
OBTAINED BY SUPERIMPOSING THE LONGITUDINAL THRVST
DISTRIBUTION LoAans AND THE INERTIA LOADS RESULTING
FRAM THE ANTI-SYMMETRICAL DISTRIBUTION OF THE
THRUST FORLES.

Equitigeium CreEck ©OF MIMENT AT PLANE OF CLUSTERING

STRUCTURE

M atmME T OF

M =

INTERSTAQE LOADS

(1,083— .727)Fx2.x260 <+ (/.8/’/"" /.77?) Fx130 = 2xILIF

=/95.12F + ¢ /4F ~22.2F
= 1671 F in-Lg

m-151



DZ-22431ld1 L
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e o

L X X )

[ EX XX

[ XX X J
400

00009

Unsymmertricar, Thrust Termivation Lonns Anacvsis ~(con’)
(M €THoo M CDN)‘T_)

MoamenT of THrusT Loaos AMD InverTia Loaos

M= ("°‘ -‘*) l.sx2¢0 F - (-0?-577-’: x2050+ .03 Fx 550 +,010Lszzo)
M= 1672.4F

[67.9F X /¢7./FE  Cunecks

COMPAR\SDN OF BENDING MOMENT AT
CLUSTERING STRUCTURE wW\TH
LOAQS .

PLANE OF
UNSYMMETRICAL BURNOUT

The BENDING MOMENT Fok THE SIMPLIFIED STRUCTURE
WiLL RE MODIFIED TO REFLEST THE GEOMETRY oOF THE
ACTUAL STRUCTURE. [nE ECCENTRIUTY ofF THE INTER -
STAGE LOADS Wil RBE ASSVMED To BE 94.4 /ACHES. (THE
SAME AS Fok SYMMETRICAL BUWOQ‘\')

M = 185.02F (29649¢.4) | g./6Fx 196 —22.2F = 126 F uirimare

S20 130
From F - M = ¢
ROM Iqurg  8.2.9-72| = P00 x/0 w-LB LimiT
M = 4
= LY X200 x10 = |ISF uTimMAaTE
/1 %106
PER CENT OIFFERENCE = [24-/IS

= 7.5 PERceNnT

Ya(izs+u1s)

Maximum INTERCOSTAL SHEAR Force

6
V=1.327 xiro =IO ToTAL LONGITUDINAL SHEAR

FOLCE TRANSFERRLED T RoMm

PARTIAL TIHRIUST MOTOR TR oug “
T E INTERCOSTALS

1]

4
3.{0x10 \ R,

[— Figure 3.2.8-20
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Intercostar L okod

gl I
..A.wétyéz.s ... ... : : : :.. :..

UnsymmeTricay, Theust 1eRminaTion Cowoition

CenTrown ofF

LCovEesTage LoAp

/ ™~ \
N

/

i ——

A

ThRusT

N, . .

View A-A

NOT To ScA&

OUTER-TIE / INTERCOSTALS
QUTER INNER
" M
83 3
V Ew B-B
Not o Scars

Tue INTERCOSTAL LOADS CONSIST OF THE
LoNGgITUDINAL SHEAR LOAD BETWEEN MoTORS
AND THE LoADs INDUCED BY THE Com -~
PONENT oFf THE ROTATION AT THE ®OLANE
OF THE CLUSTERING STRUCTURE AROIT
Axis C@-C. THE RESULTANT INTERCOSTAL
LOADS wWERE ORTAIWED BY SUPERIMPOSING
THE Two ComMmPoNTNTS.

Y —— T T DeriecTted Posimon

Longirusinal Swear Loans

BASED onN
OF THE

THE RELATIVE LOCATION
INTERCOSTALSD

swowN Inv View B-B  IT wile BE
ASSUMED THAT THE LONGITUDINAL
SHEAR LOAD THROUGH ETACH \NTERCOSTAL
18 PROPORTIQNAL TO \TS DISTANCE
FRoM THE OJUTER TIiE.

. !
J. /3 oF LOAD GOES THROUGH
OUTBOARD INTERCOSTAN

2
/3 QOF LOAD GoES THRAUGH
INBOARD \NTERCOSTAL
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Uil lendenplplominety U

TuTercos ALl torns « AT ALs s15 o0 (exdndér )

—r\—\E SECONDARY LOAD INDUCED N THE INTERCOSTALS RYy
BENDING OF THE MOTOACASES WAS ASSUMED To BE PROPORTIONAL
TO THE INTERCOSTAL LOAD 'NDUCED BY THE EcceENTRIC INTERSTAGE
LOAD IN THE SYMMETRICAL MAXIMUM THRUST CONDITION.

The AVERAGE oF THE ECCENTRIC LOAD FRom THE INTER. STAGE
For. THE PARTIAL THRUST MOTOR AND THE FuUu. THRUST
MOTOR wWAS ASSUMED To ACT AT EAcH END OF TWE INTERCOSTAL,

Outgoars InTercosTAaL Lonos D

Lvo Iwbuth Qv KOTATIOUS

¢e "

¥

' Y

. 13. —
pAR‘T\A\_ 13.5 3.3 F-\)L_L teiRUST
TRusT ( MoTor,

MoTowr

-6
ALL LoADS ARE ULTIMATE x 10

M= (Ave. LoAad From IN\TE&STAGE)(!,39 P)

= <§_32+u.o:)1,39uo‘ = 13.5 xi10% jn-is

LO'\D DUE TO LONGITUDINAL SHERAR FORCES

n

- |
15,0 V"/B‘:;z-_?_ :,G

y 2

RES\JK_TANT LOADS

= .QSK"I‘Q ='S-C
N

.6S

== AL. Loaos Are RreFerRemceEn To METHon 1T,
UNSYMMETRICAL THRUST TERMINATION LOADS ANALY SIS.

D Figuee 3.?..8--39) 1.39 P AT EACH INTERCOSTAL
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' 1

s meeagagiegmel” P2 2 S
T nTeRC ostAEs L orhs s Peheysis - Cau's)

I ngoarp Intercosmar [ oaps =

Loap INDUC_ED BY ROTATsous

PartiaL F\JL\_ -i_n—savs'r
Taust 13.5 ( 13.5 Mook

M QTO®L,

SEE OUTROARD INTERCOSTAL ANALY SIS FoR DETAWLS

Loao Due To LowgituowaL Swear Forces

| z
30.0
30.Q = 1.30146

1,30

Resuurant Lonos

[ AL LoapDs NARE REFCRENCED To METHOD II

UNSYMMETRICAL THRUST TERMINATION LOADS ANALYSIS.
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“oe “ee 270 eee 40’ ..(! .

F-ORWARD g&.\k{' L..OAQ§ .A.h:A'\.js\s ChLusxEeER STRUC—TUKE)

OWTBOARD
CoRNER,
Poame oF OymoeT®Y
[ n NE SR o

F_o RWARD SK\RT
Exrension

Onvy Twose LoAms
Repctep B8Y e
FoRWRARD SKIRT
ARE Swvown N Tae

FiGugre.

Svierenen Panel

AsSsumE TuAT Tuc PorTion ofF THE INTERCosTAL MomSwnvrs
G REATER THAN THE SyMnETRICAL NANNMUR TRRUsT MonewT
ARE ReDIsTRIBUTED BY TME RinéG \nvre ThE FoRWARD sx\RY,

!
M-,_"—(?-B-S- \\3%;\0,15\):\0": \3.Sx\a"\N-\.B
M\'-(4-3.5"\.357y\0.753)‘|¢>‘:28.5 ;(\o" - Le

Assomne zs5 PeER cewT oF Tne vorAw Mowmewny
PisTRiburED Avone sioe A- N
25(28.s *\3.§)x\o°=,z,5(4.zxso‘): \o0.S X\DL W -LR

28.5 - L.
(4~z.o>‘°‘°"'° '7“0’“0"\“‘\‘3:90!2\'\0\\\ oF ™M,

ReAcTED Avone oive A-A'

(28.8-T0) x10” = Zl. 4 x10b w-LB = Porvion oF W,
ReAcred Avone S0 A-B

(>5€E Precedime \nYERCosTAL LoRps AWAWS\S
1>R:FERE\\¢E Fieure 2.2.8-39
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RNy IO Pl

FORWARD SWIRY LoADS AnAYs\s - CowT,

STR»«;ER f-\wm..*/sxs - PANEL A*B_

LENGTH oF PaneL A-R = S84 N
S‘ramqv:»z Sm«.nug = 1.0 1w

ASSUME THE LOAD To BE ONSTRIBUTED INTo PANEL A-B
8y Rwg A-B

B . ) )
/)\ 17.5 xi0° = 2/. $xs* cos 35
330 ll.3mo€= Z.\AX\OLS\N 35°*
X Al
~

7A > 2| Y X loG IN-LB

ASSUME TORSION LOAD ToOo BE LVMIFORMLY DISTRIBUTED TO STRINGERS
,‘\SSUME BEuthg COMPONENT To RE RESISTED BY FRAMES

4 6
L oad PER STRIMGER = 17.5xi0 %x 1.0 o 2.30 x10 IN-LB
58.4

THE SWEAR Lomos V. AwnO \J, wWookD BE DisTRIBOTSD
lmTo TRE sSKin ARG STRANGCSRKRS Buoy wovLp BE 2Ze RO

AY™ T™E ToP o0F THE sTR\NEGER WacwRe MotMEwT s MAxiwon

StrivgsR.  Avacysis — Paner A-8'

|
Lengm™ o Pamer A'-8 =103.3 .
STRiNGER SPACNG T 1.0
MAking THE SAME AssumeTiONS AS ABovE
B'
A 8 ¢ 45"
J.0x10 70xi0 = 7.90x/0 cos
'
A
el

[S - -
2.9x10" LB ZPRTion oF M ReEAcreD
ALong sipe A'-8'

L.oAd PzR ST&:N;ER'— 7.oxloéxﬂ-° - .75xlo‘1u-t.8
103.3
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FoRWARD SKIRY

et . e

LhArs AMYS s - e

Y,

\
StringeR. AnaLysis - Panvee B-c!

Cowse&va*rw\zu/ AssomeE ALL OF FRAME LOADS N PANEL
]
B-c' To B REACTED BY FIRST STRINGER

!
A ssome LONGITURINAL LOAD IN PaNEL B-c' To se
TIHE SAME AS FoR SYMMETRICAL BURNOUT. D>
L 0
Lenaryw oF B-c'=/03.3/p

TRINGEL Seacng = N,
P
& - D ‘
62,000 R P= LoNQ;W\)\rJAL Lomo = d1 % .33%10.75 %10
_1 103.3
6
29,700 = .378%xi0 LB
74 ne
-. - o m:
‘Lqma_i_ Tv1s LoAD MUST BGE CARRIED 8Y =
STRINGER AND EFFECTIWVE SXIN,
67,000 R
22 L 3y
T"
R= 2.(61,000&36“’7.0;700)(!7.)

72

R= 69000 L8

Laterna. Suear Loads

SWEAR AT UNsSYMNETRICAL THROUST TERMINATION DuE  To

LAaTeERAL IRERTIA FoRCE ©F FIRST-STYAGE INERYS = .526x16f
Lbs. ULTIMATE,

TovaL. SHeaR PER MOTOR T 824 4 SHEAR DUE To ECcENTRIC
3 INTERSTAGE LOAD

é
= (,»oq+;+"1)x|o
= 580 X10° LB ULT\MNYTE

= Fcuac 32.8-3¢
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P s beagneip e FET AT Y

FORWARD SYIRY LoAbs AwaLysis - Cowl,
Frame Awacvsis - Paner A-B

Assome Two TINTERMEDATE FRAMES AT A SPACING

ofFf 24 N
=

— [4
F—que:. Wit BE SIEEN FoL BTNOING MOMENT =12 3 =10 w-L8
B

Loao /—-aa«e = M Jg
k' £t

" ‘ ZJ"I= ZE—‘LI‘*ﬂZ‘]

"

878

4
Loao w outeR FraAME 2 12.3 %10 &3

Z878€
F 1S% oco L8

TYyPichlL FRAHUE c
GEO\‘\ETR‘ FoR Loao i~ MIDOLE FRAMES = 12.3 10 xt2

FOoRWARD SX\RT 878

= §1,300Lg

_Egm AuAuvs.; = H\NELLA'—B'

6
Maomenr = 7.0 <10 |u~a_a[>

Loap 1IN CUTER FRAME = 7.0 uO‘t?Q = 8% ocoo L8,
’
2e78

Loas N mMiooLE Fb\me.s=-).ox-o“n.

2978,

] [
Frame RNwaysis - Panee B-C 62,009 %
[]
Benbing v PANEL A'-B s ’tz,{m/

]
TAANSFERRED TO PAwEL B'-C 20700
As BEND|N$ AND “TORSION

19,3008,

ey
Tue ANGLE BeTween A-B! %
ano B'-c' s 4S5 oegrees. e
88,000 cos ¥§° = ¢z 000 LB. ——— /
29,300 cos 4$5%= 2,5 700 LA, /

!
Cross-secTion AT 8

I>SEE *sTRw&ER AnAgysis”
PAvaELS A-B Aus A'-8’
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‘Lbiealgia s

FoRWARD sSKIRY LoADs AwAWaiIs - con'T

F-RAME ANAI_YSIS ‘PANQL BLC' (con'*/—)

\T WS CONSERVATIVELY ASSUMED THAT THE
FRAMES DISTRIBUTE ALL OF THE SIDE Forces AT B’

t
To THE FIRST STRINGER IN PANEL B-C' As A canTilcuEr
BRETAM WITH THE FREE C=No AT B

——

e LowER FRAME 1S CRTICAL
M= ¢2,000x 1l = 489 coo IN-LB

F’= Au.-m_ LoAD = éz,ooo L. COMPARE SSioN

DD!s\-Aﬂcrz FRom B' Te F1ReT STR\naER
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T I d.ga” A= 45,1 v/

1 T =¢og0 mw #

32“ —| - 8o

| 24" Q= 240 wg

1 ¥ l —7‘?' MRATERIAL: 1015 - Y6
¥

Y UtTiwizing Two InteERCesTALS
156";‘ AT Ehew Po\\sﬁb

De

I'\

sign Comnimiow | UnsymneETRIcAL THRUST TERMINATION

[~

ULTtim ATE Dganw LoA Ds

V= 0.5 «i0° Le.
M= 21,7 x 10° I~v-LB
Asiac Loao =+63 s00 18

il

M’\K\M\JM S‘mess “wJ OJTER FIRBERS

éMAag = 21.7 x:oéue + 63 soo

6080 45,1
= 58,400 ,sd )FT,,:‘Ibcoo
Jbooo -\ = -
WEB STABI\LITY CWECK
a _ 36 _
b 24 =l.s

I Xx108x 1L _
$b= ~ 42,100 Ps

e o Lo

-c _ .bSXlo" = 24 400 PS)
s .8 (32) ) 7o

U
l> sce “luxcRcosvAL LoRADs Awpuysis

D ReFeRence 5

{> FieuRe 3.2.11-3
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Y
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V = 44 000 LB.
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MAXIMUM STRESY IN_OUTER. FIRERS

NEGLECTING THE EFFECT OF SECOMBARY BEUDING

& K
d = .163x10°x6 4 378 xi0 (assoranc 5
sSukt 13
287 s WOR EFFECTIVE SYW

3500 + 32900
Ff,.d-; 660D0 pg)

---------'
|

= 34,‘-/00/95‘:
MS = 6Gbooo_ | = .8 <
3¢ 409
SKIM /-\Nm.y‘g.s
PANEL wiDTH = [0 —%0 = 70 NcHES
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Maximum Dynamic Pressure Load Condition (Cluster Structure) — Three condi-
tions at maximum dynamic pressure were considered. The conditions for a 20-
degree angle of attack with null thrust vectoring and for an 8-degree angle of
attack with a 3. 5-degree thrust vectoring were treated as failure conditions.

The condition for the vehicle trimmed at maximum dynamic pressure was analyzed
for a factor of safety of 1.40 on the limit loads. In all cases, the equivalent axial
load was calculated and the ratio of equivalent axial load at symmetrical burnout
to equivalent axial load at maximum dynamic pressure was computed, This ratio
was then compared with the similar ratio for the previous study, Contract NAS8-
2438. In all cases, the ratio was less critical than for the previous study.
Therefore, this is not a design condition for the clustering structure. (The
maximum dynamic pressure loads were only 68 percent of the design loads of

the previous study.)
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3.2.8.6.4.6 Base SRiree oo see o"s oo e 00 o tee co

The base skirt supports the vehicle in the flight-ready prelaunch condition.

The vehicle is supported prior to launch at three points on each motor skirt

(see Figure 3.2.8-43). Two aluminum I-section support columns extend from
each support point to tapered aliminum T-section longerons. Loads experienced
during the prelaunch condition are redistributed by the six longerons in an
aluminum semimonocoque structure, resilting in an approximatdy uniform
distribution at the interface of the base skirt and the motor-case stub skirt.
Lateral loads from the support columns are reacted by the forward ring and the
pad interface ring, which are steel I sections. Aluminum box sections serve

as clustering links connecting adjacent motors. The link attach points are loc-
ated at the forward ring.

The base skirt fairing and the base heat shield are designed to resist local air-
loads. Aluminum honeycomb construction is used for both components because
of its light weight and rigidity.
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Design Loading Conditions — Base Skirt (First Stage) — The base skirt and base
heat shield were designed by three loading conditions-

e prelaunch ground wind
¢ unsymmetrical thrust termination

¢ maximum q

Prelaunch Ground Wind — The prelaunch ground-wind condition wags analyzed by
considering one-sixth of the vehicle bending moment to be reacted by each motor.
This results in a maximum support-peint load that is 3 percent greater than if the
moment were reacted by the vehicle acling as a unit. Secondary bending moments
resulting from nonuniform distribution of upper-stage weight at the plane of the
cluster structure were reacted by a lateral couple at the cluster structure and the
aft clustering links (see Figure 3.2. 8~-44).

Loads applied at the vehicle support points are carried by six support columns
on each motor skirt to the forward ring joint. The longitudinal components are
transferred to the longerons and redistributed by skin panels to produce an

gimbal position while one motor operates at one-half maximum thrust. The
resultant lateral load was assumed to be redistributed by the clustering links

to produce equal shears in all six motors. The resulting link load was added to
the load required to react the bending moments caused by nonumiform distri-
bution of longitudinal loads at the interstage (see 3.2.8.6. 4. 3).

Maximum q — Air pressures occuring at the time of maximum q represent
critical loading for the base-skirt fairing and for the base heat-shield structure.
The heat-shield support structure was conservatively designed for maximum
limit presgure of 950 psf at an operating temperature of 200° F (see 3.2.10.2. 3).
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Longerons (Base Skirt) — The longerons were tapered to unload into the skin
panels over a length of 120 inches. The stringers were conservatively assumed
to carry all of the longitudinal load with none of the skin considered effective.
The skin panels were used to redistribute shear loads from the longerons to

the stringers.

The load distribution in the region of the longeron was estimated by the numerical
method, of shear-lag analysis described in Chapter 4 Reference 2. The analysis
requires idealization of the actual stringers into a '"'substitute single stringer"
with an area equal to the sum of the actual stringer areas. The panel width be-
tween the longeron and the substitute stringer is determined by an empirical
equation. The idealized structure is divided into a number of fictitious bays in
which the longeron is assumed to have a constant area equal to its average area
in each bay. The skin gages used in the idealized structure are the same as for
the actual structure. The shear-lag stresses are determined from a system of
simultaneous equations and added to the stresses determined by elementary
theory. The shear-lag equations are determined by requiring consistent defor-
mations between bays of the idealized structure and by satisfying the known end
conditions.

One-half of the symmetrical structure was analyzed.
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3.2.8.6.4.8 Motor Cases (First Stage)

Discussion — The motor cases were analyzed for the following load conditions :
e Ground wind condition
e Internal pressure condition
e Combined flight 1oad conditions

e Ground-handling condition

The results of the analysis indicate that the ground-wind and internal-pressure
conditions design the case wall. Using 250,000 psi maraged steel, the resulting
margin of safety for both conditions are approximately zero. The analysis also
indicates that the combined flight load conditions were not critical for the motor-
case-wall design.

Ground Wind Condition (Motor Case) — The analysis procedure used in this
solution is an approximate method that has not been substantiated by test. The
basic approach involves an assumed treatment of the length/radius effect in
cylinder buckling. This effect is applied to a motor case under a nonuniform
axial load which increases linearly with length. It was assumed that a motor
case of a given length will be sized for a certain percent of the average load
rather than for the load applied at the upper end. It was further assumed that
any finite length of the motor case could be sized on the same assumptions.
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3.2.9 Weight Analysis

3.2.9.1 Summary

The following weights analysis parallels closely the iterative design procedure
for the 1000K payload vehicle. The early phases of the study relied heavily on
data developed during Tasks I and II. A matrix of both parallel-.and tandem-
staged vehicles was jnvestigated using parametric second-stage mass-fraction
data combined with a constant first-stage mass fraction. Six vehicles (three
tandem-staged, two parallel-staged, and one stage and one-half concept) were
chosen for further evaluation, and weights statements were prepared for these
configurations. From this group, a tandem-staged vehicle (six 260-inch-dia-
meter solid motors in the first stage and five M-1 engines in the LOy/LHg
second stage) was chosen as subject of a preliminary design exercise. Major
weight trade studies were undertaken for second-stage tank configuration and
for first-stage case material.

The entire preliminary design process was predicated on keeping first- and
second-stage propellant weight constant. Changes in inert weight were accounted
for by appropriate adjustments in payload weight. The final vehicle has the
following characteristics:

Mass Total
Propellant Inerts Fraction Weight
Payload (225-kilometer orbit) 1, 165, 000
LOZ/LH2 Second Stage 8, 064, 000 873, 060* 0.902 8, 982, 000**

Solid-Propellant First Stage 24, 821, 000 3,093,870 0.889 27, 915, 000
Launch Weight 38,062, 000

* Includes 154, 000 pounds AV reserve propellant
** Includes weight expended prior to ignition

3.2.9.2 Conclusions

The following general conclusions may be drawn from a weights standpoint.

e Tandem-staged vehicles possess slightly better mass fractions than a corre-
sponding vehicle designed to a parallel staging concept; however, the dif-
ferences are not extreme.

e The multicell tank configuration results in a noticeable, but not significant
weight reduction as compared with the single tank configuration.
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The initial vehicle matrix included several representative vehicles of two general
classes: (1) tandem staged, and (2) parallel staged. First-stage motor diameter,
number of motors, M-1 engine thrust, and number of M-1 engines were taken

as parameters. Data developed during Tasks I and II were utilized to provide
depth in areas where detailed study was not possible.

3.2.9.3.1 Mass Fraction Data

First-Stage Mass Fractions — For initial parametric vehicle sizing, first-stage
mass fraction was held constant at 0.875. This value was chosen as representa-
tive of the optimum mass fraction obtainable for reasonable combinations of
motor diameter, number of motors, first-stage thrust, and propellant weight at
600 psi chamber pressure (as indicated in Task I). This mass fraction was used
for the first stage of both tandem-staged and parallel-staged vehicles.

Second-Stage Mass Fraction Data (Tandem Staged) — Vehicle staging ratios and
launch weights are a strong function of second-stage mass fraction and thrust
level; therefore, parametric mass fraction data over a range of second-stage
propellant weights were developed. The significant criteria used to determine
second-stage mass fractions are listed in Table 3. 2. 9-1.

Second-stage mass fractions for 70-foot-diameter stages are shown as a function
of propellant weight in Figure 3.2.9-1.

The effects of changing the stage diameter to 60 feet or to 80 feet is indicated in
Figure 3.2.9-2. The significant weight items affected are tankage, interstages,
and thrust structure. The configuration concept involves keeping the LOo tank
diameter equal to the stage diameter, resulting in off-loaded LOg tanks as follows:

60-foot stage sz < 7.06x 108 pounds
70-foot stage sz < 11.2x 105 pounds
80-foot stage Wp2 < 16.7 x 108 pounds

Alternate tank configurations with fully loaded LO, tanks were not considered at
this time. The inset plot on Figure 3. 2. 9-2 gives an indication of the geometric
effects on tankage weight efficiency. These trends are reflected in the larger
plot of mass fraction alteration. In general, the larger changes in each band
reflect stages with the larger number of engines due to the relatively large weight
of the thrust structure in addition to the other components. Some of these con-
figuration combinations entail difficulties that were not assessed in terms of
weight penalties. For example, a cluster of eight M-1 engines cannot be com-
pletely contained in a 60-foot-diameter stage envelope. However, the engine
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PARAMETRIC SECOND-STAGE MASS FRACTION CRITERIA

Propellants LOy/1H,

LOg Location Aft

Tankage Concept Nested Tanks

Bulkhead Shape LOg Aft Bulkhead 0.8 b/a ellipsoid
Other bulkheads 0.7 b/a ellipsoid

Separation Mode Single Plane

Separation Plane Engine Gimbal Plane

Thrust Structure Cone Type

Tank Material 2219 Aluminum

Tank Construction Walffle

Allowable Tensile Yield Strength 55,000 psi (cryogenic temperature)

M-1 Engine Thrust (vac) 1.5 x 108 pounds

M-1 Engine Weight (dry) 20, 000 pounds

LOg Tank Ullage Pressure, 0.1 g start 39 psi

LHg Tank Ullage Pressure, 0.1 g start 36 psi

LOo Tank Ullage Pressure, 1.0 g start 29

LHg Tank Ullage Pressure, 1.0 g start 27

Thrust Decay Propellants 2500 pounds per engine

Parallel Staging Concept Solid stage slides aft on parallel

rail system
Table 3.2.9-1

mounting ring can be fitted into this diameter if a portion of the outboard engine
bell extends outside the 60-foot diameter,

Parallel and Stage and One Half Concepts — Second-stage inert weight changes
associated with the parallel concept and with the stage and one half concept are
shown in Figure 3. 2.9-3. The separation concept involves sliding the solid
first stage aft from the second stage with the motors retaining their original
relationship with the second stage (i.e., the solid motor axes remain parallel
to, and the same distance from, the LOZ/LHZ stage centerline). The weight
penalty to the second stage includes rails for first-stage separation, struc-
tural provisions for rail attachment, and longerons and additional material in
aft skirt for load distribution.
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The first stage-s&&ohd stage separation pline Is the S2me Yor the parallel-staged
vehicles as for the tandem staged. Second-stage configuration is, therefore, not
altered in changing from tandem to parallel staging, except for the structural
modifications above. It is also possible that some of the added structural weight
may be jettisoned after separation.

The stage and one half concept incorporates ground start of the second stage
engines. Because of the increased propellant head pressures at engine ignition
(1.0 g compared to 0.1 g for tandem and parallel), a reduction in ullage pressure
and therefore in tank weight is realized. This reduction, combined with the in-
creases noted above, gives the net weight changes shown in Figure 3. 2, 9-3.
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3.2.9.4 Candidate C%nﬁgurations

From the general parametric data described 3. 2. 9.3, a group of six vehicles was
chosen for further evaluation. Vehicle designations were assigned as follows:

X X X X

L

Vehicle Type: T for tandem
P for parallel
PM for stage and a half

Number of solid motors in first stage

Number of M-1 engines in second stage

Configuration modification letter
Vehicles chosen for analysis are identified in Table 3. 2. 9-2.
Outline configurations of these vehicles are shown in Figure 3.2.9-4,

3.2.9.4.1 Weights Analysis, Tandem Stages

Solid Stages — Solid stage weights and mass fractions are based on the following
criteria and design ground rules.

Solid Motor — The basic motor consists of the motor case, nozzle, case liner,
and bulkhead internal insulation.

Motor Case — Motor cases are cylindrical with hemispherical ends. Motor nomi-
nal chamber pressure is 600 psi and MEOP is 720 psi. The case material is

4430 steel, with ultimate tensile strength of 200, 000 psi, and the ultimate factor
of safety is 1.4. Motor volumes are based on the cross-sectional loadings shown
in Table 3. 2. 9-2 and straight-through propellant ports in the hemispherical
bulkheads.

In addition to tne case shell, the following local structural provisions are included
in case weight: cylinder extensions past the forward and aft bulkhead, joint rings
for handling and structural attachment, a boss on the aft bulkhead for nozzle attach-
ment and propellant porting purposes, and build-up joints in the sidewall to provide
for manufacturing limitations.

Nozzle —Nozzle weights are based on Boeing estimates and lie between the opti-
mistic and conservative extremes of industry data. The weight of the nozzle gim-
bal ring is included in the nozzle weight and is 30 to 40 percent of the total.

Case Liner — Liner weights are based on the total inner surface of the motor case
being coated with 0.30-inch-thick rubber-based liner with a density of 0.042
pound per cubic inch.
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Internal Insulatic;r;, .ﬁﬁlﬁhea.ds — Motors have phenolic—ba.sed insulation (p =
0.063 1b/ind) for the forward and aft bulkheads. The insulation weight for the
forward bulkhead is based on an average thickness of 0.10 inch. The aft head
insulation weight is a function of chamber pressure and burn time and the average
thickness is about 0. 70 inch.

Thrust Vector Control — A thrust-vector-control system utilizing closed loop
hydraulically actuated gimbaled nozzles is included. The weights were extra-
polated from data developed during Task I of the current contract.

Equipment — Equipment weight includes such items as control elements, telemetry,

environmental control provisions, power supply and electrical network, range
safety, and stage separation systems.

Forward Interstage (Structure forward of tanks) — The forward interstage is a
semimonocoque structure. The surface is the transition between the first-stage
cross section and the circular second stage. The interstage extends from the
first-stage clustering structure to the first stage-second stage separation plane
at the second-stage engine gimbal plane. These interstages were designed
according to first-stage burnout loads.

Cluster Structure — The clustering structure is a cross-beam type. Weights are
extrapolated from the data of Task I,

Aft Skirt (Structure aft of tanks) — The aft skirt consists of a structural semi-
monocoque cylinder on each motor extending from the motor handling skirt to the
ground support plane.

Aft Fairing (Structure aft of tanks) — The aft fairing consists of a nonstructural
cone frustum on each motor extending from the aft skirt to the nozzle exit plane;
its purpose is to protect the nozzles from the aerodynamic loads which would be
imposed by the airstream. The weight is 2.0 pounds per square foot of surface
area.

Base Heat Protection — Base heat protection consists of a structural shield and
ablation material on exposed surfaces. Weights are based on estimated heating
rates and shield area requirements, as extrapolated from Task I.

Retrorockets — Retrorocket capability is 5 g's for 1 second plus 2 g's for 2 sec-
onds, based on first-stage grain designs similar to those developed during the
Task I effort. The retro mass fraction is 0. 65, and an additional 25 percent of
inert weight is added for attachment provisions.

Sliver Residuals — Sliver residuals are extrapolated from Task I since the grain
designs are similar,
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LO2/LHy Tandem Stage Criteria — Structure — Structure consists of tanks, anti-
slosh provisions, tank insulation, forward and aft interstages, thrust structures,
and separation provisions,

Propellant Tanks — Tank weights are based on a nested tank LOg aft configuration
with the aft LO9 bulkhead a 0. 80 b/a semi-ellipsoid and the other three 0.70 b/a
ellipsoids. An average cryogenic temperature allowable (Fi, = 55, 000 psi) was
used for all components. The tank sidewalls are aluminum waffle pattern and
designed by the 0.4 psi overpressure requirement on the pad. As compared with
the same tank designed for ground wind conditions, this criterion imposes a weight
penalty of about 2 percent of tank weight or about 0.8 percent of stage burnout
weight. The forward domes are designed by the ullage pressure at ignition —

43 psi for the LH,, and 45 psi for the LOy. Aft domes are designed by the sum
of the ullage pressure at startburn and the propellant head pressure at first-
stage burnout. A 20-inch clearance space is provided between the aft dome of
the LHy tank and the forward dome of the LO tank to ensure against LHy seep-
age.

Antislosh and Antivortex Provisions —In lieu of definitive criteria, slosh sup-
pression provisions consist of a beaded lightened cylinder in each propellant
compartment with unit weights based on extrapolated data. Vortex suppression
is supplied by a covered cruciform baffle mounted in each line inlet.

Tank Insulation — Insulation has a unit weight of 0. 35 psf and is applied to
all propellant compartment external surfaces.

Forward Interstage (Structure forward of tanks) — The forward interstage is an
aluminum semimonocoque cylinder designed according to second-stage burnout
loads.

Aft Interstage (Structure aft of tanks) — Single plane separation is at the second-
stage engine gimbal plane. The structure is a semimonocoque aluminum shell
designed by first-stage burnout loads.

Thrust Structure — Thrust structure is a 60-degree cone frustum with the odd
engine mounted on cross beams in the center.

Propulsion System — Engines and Thrust Vector Control — Engine weights for
an expansion rate of 40 are based on a dry M~1 engine weight of 20, 000 pounds.
The thrust-vector control system weight per engine is 1500 pounds. The center
engine is fixed and requires no thrust vector control.

Propellant Distribution System — Weight includes lines and bellows, prevalve in-
sulation, and miscellaneous hardware. Engine feedlines are 19 inches in diameter.
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Pressurization SSr'sté.’rﬁ 2 _PpreSsurization is accor'npl'i’s'he(f 'by a bleed system. The
propellants are vaporized in the engines and returned to the tanks as heated gases.

Fill and Drain — The fill and drain system includes the fill and drain lines, valves,
bellows, insulation, and disconnects.

Vent System — There are four vent valves at 75 pounds each.

Equipment — Equipment includes control elements, telemetry, environmental
control provisions, power supply and electrical network, range safety systems,
engine malfunction detection system, and separation and ullage rocket systems.

Retrorockets — Retrorocket capability is 3 g's deceleration for one second. The
retro mass fraction is 0.65 and an additional 25 percent of inert weight was added
for attachment provisions.

Ullage Rocket Attachment Provisions — Ullage rocket weights are based on 0.1 g
for 3 seconds. The ullage rocket motor has a mass fraction of 0.65. The motor
case is jettisonned after firing and an additional 40 percent of ullage rocket inert
weight was included for the portion of the attachment and separation provisions
that are carried with the second stage.

Residual and Reserve Propellants —

e Propellant Trapped in Engines — For the M-1 engine, 1200 pounds of trapped
propellant per engine is included.

e Propellant in Lines — T rapped propellant weights are based on total line
volumes.

e Gaseous Residuals — Gaseous residuals are based on the following burn-
out conditions:

LOg tank mean temperature (°R) 270
LHy tank mean temperature (°R) 160
LOy tank pressure (psia) 29
LH, tank pressure (psia) 39

e Helium Slugs — Helium slugs are used for prepressurization to the start-up
ullage pressures (45 psi for LOg and 43 for LHy).

e Thrust Decay Residual — An allowance of 2500 pounds per M-1 engine was made

for shutdown time variances.

P.U. Residual — P, U. residual weights were:

0. 375 percent total propellant weight for five engines
0. 345 percent total propellant weight for seven engines
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3.2.9.4.2 Parallel-Stage Weights Analysis

Criteria and analysis are the same as for the tandem-staged vehicles, except
for the following items.

Solid Stages — The forward interstage is an aluminum semimonocoque cylinder
that transmits the solid-stage thrust loads from the aft end of the solid stage to

the aft end of the LOg/LHg stage. It requires longerons and shear-out plates

for load distribution since the loads are fed into it at six points along the periphery.

Cluster Structurc — Two circumferential rings are fastened to the interstage. In
the aft skirts of the solid motors are matching circumferential rings. In addition,
there are tension ties between the solid motors. The two rings act as the upper
and lower chords of a truss, the upper one being in compression and the lower
one in tension.

Aft Skirt — The aft skirt, in addition to acting as support structure, must also
carry the moments associated with the truss-type structure described above.

Nose Fairings — Nose fairings are aerodynamic fairings on the forward end of
the solid motors. Ogive surfaces with unit weight of 2.5 psf were used for weights
purposes.

Separation Rails — The stage separation concept involves sliding the solid pro-
pellant motors aft on parallel '"rails," while retaining the original relationship
between the centerlines of the solid and liquid stages. The rails are aluminum
I-beams fixed to the LO2/LHy stage; built-up channels mate with them on the
solid stage. Included in the weight are allowances for bearing surfaces and
attachment provisions.

Second Stage —

e Tankage — Tankage for the stage and one-half concept only is designed for
somewhat lower ullage pressures than the tandem stages. Since this concept
involves ground start of the engines, use can be made of the 1.0-g static head
available, thus reducing the ullage pressure requirement at startup. The tank
design pressure is then the ullage pressure at burnout — 29 psi for the LOo
and 39 psi for the LHo,

e Separation Rails — Separation rails are the built-up I sections mentioned
above. The forward end is at the forward end of the solid motor case and
the aft end is at the separation plane.

o Rail Attachment Provisions — Circumferential rings are required at both the
forward and aft ends of the L02/LH2 stage for structural stability during
separation.
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Engines — M-1 engines for the stage and E)n:a.—hafl'f'coﬁz:ept have an expansion
ratio of 20. The weight of 17,430 pounds was determined by removing the
portion of the nozzle bell aft of the € = 20 plane and keeping the remaining
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Ullage Rockets— Ullage rockets are unnecessary for the stage and one-half
concept since LOg/LH2 engines are ignited on the ground.

Weight Statements and Mass Fractions — Solid propellant stage weight state-
ments are shown in Table 3.2.9-3. The calculated mass fractions compare
favorably with the estimated value of 0.875, on which the propellant weights
are based.

Semidetailed weight statements for the LO9/LH9 stages appear in Table
3.2.9-4. The mass fractions are noticeably lower than those in Figure
3.2.9-1, largely because of the increase in required ullage pressures due
to further information regarding propellant vapor pressures and gas venting
tolerances. The same weight statement is shown for the second stage of the
T45 and T65 vehicles, since the only difference between the design criteria
is a slight difference in first-stage burnout thrust-to-weight ratio.
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w3 Structure

3.4 Solid Propellant Container

3.6 Structure Forward of Tanks
3.6.1 Forward Interstage
3.6.11 Cluster Structure

3.8 Structure Aft of Propellant Containers
3.8.11 Aft Support Structure
3.8.12 Aft Aerodynamic Fairing

3.10 Nose Fairing

3.14 Base Heat Protection

3.26 Miscellaneous

w4 Propulsion System

4.2 Nozzle (Gimbaled)

SI

T45A

2,541, 25
2,208,15¢
257,001
66,00
191,001
45,00t

35, 00t

10, 00t

15, 30t

15, 801
606,501
590, 00

4.10.1 Thrust-Vector-Control Hardware 16,50

W6 Equipment and Instrumentation
6.2-12 Electrical, Telemetry, etc.
6.17 Separation System Hardware
6.17.1,2 Installed Rocket Cases
6.17.5 Explosive Devices
6.17.8 Separation Rails
Ws 1d Dry Stage
A\ Residual Propellants and Service Items
7.9.13 Separation System Propellants
7.11 Solid Propellant Slivers
Ws 1c Stage Weight at Cutoff
w8 Propellant Consumption
8.5 Solid Propellant
ABEE 8.12 LO2/LHg Expended
Ws 1g Stage Weight at Ground Ignition
Stage Mass Fraction, \' (Total expended
propellant)
Stage Mass Fraction, A' (Solid propellant
only)

180,00
5,70
174,30
174,00

30
3,327,775
301,20
174,00
127,20
3,628,95
24,900,00
24,900,00

28,528,95

0.8728

0.8728
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T STATEMENT FOR.SQUI STAGES oo . ss o son 3 1oe ooy
: Vehicle Configurationg .3 3§ 8 *., .. 32 .00 o830 P30 i0
Parallel Vehicles Stage and One-Half
T65A P67B P65A PM67A
2,470,800 2,122,390 2,535,000 2,052,200
2,070,300 1,679,690 2,070,800 1,621,500
293,500 225,200 237,200 206,300
70,500 87,200 87,200 77,300
223,000 138,000 150,000 129,000
68,000 139,000 150,000 139,800
50,000 129, 000 140,000 140,000
18, 000 10,000 10,000 9. 800
- - - - 15,000 15,000 15,000
20,000 42,000 40,000 38,600
19,000 21,500 22,500 21,000
551,000 491,200 551,000 537,500
530,000 471,000 530,000 518,000
21,000 20,200 21,000 19,500
168,900 154,700 179,300 158,750
6,100 6,400 6,100 6,250
162,800 148,300 173,200 152,500
162,500 139,500 165,000 144,000
| 300 500 500 500
- - - - 8,300 7,700 8,000
- 3,190,700 2,768,290 3,265,300 2,748,450
287,900 237,900 290, 400 238,800
162,500 139,500 165,000 144,000
125,400 98,400 125, 400 94,800
3,478,600 3,006,190 3,555, 700 2,987,250
24,900, 000 20,500,000 24,900,000 22,703,000
24,900,000 20,500,000 24,900,000 20,132,000
| - - - - - - - - - - - - 2,571,000
28,378,600 23,506,190 28,455,700 25,690,250
0.8773 0.8720 0.8749 0.8846
0.8773 0.8720 0.8749 0.8707
"able 3.2.9-3

Ve
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Candidate Vehid

Tandem Vehicle
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w3 Structure

3.1.3.2.3.7 Tankage

3.6 Structure Forward of Tanks

3.8 Structure Aft of Tanks

3.9 Thrust Structure

3.14 Base Heat Protection

3.26 Misccllaneous
w4 Propulsion System and Accessories

4.1 M-1 Engines and Accessories

4.7 Fuel System

4.8 Oxidizer System

4.10 Control System Hardware

4.26 Miscellaneous
w6 Equipment and Instrumentation

6.2-12 Electrical, Telemetry, etc.

6.17 Separation System

6.17.1,2 Installed Retro Hardware

6.17.5 Explosive Devices

6.17.8 Separation Rails

6.18 Ullage System Mounting Hardware
Ws 2d Dry Stage
W17 Residual and Reserve Propellants

7.1 LHo Pressurants

7.2,6 AV Reserve

7.3.7 Thrust Decay Propellants

7.4.8 Trapped Propellants

7.5 LOgy Pressurants

7.9 Retrorocket Propellant

7.11 Maximum Propellant Utilization Residual

(LOy)
7.26 Miscellaneous

Ws 2c¢ Stage Weight at Cutoff

w8

Propellant Consumption

Ws 2i Stage Weight at Ignition

Stage Mass Fraction, A'

* Burned after Separation of Solid Stage

T67A T45A
609, 940 52!
366,400 334
41,000 3!
74,000 7.
107,700 6!
5,000 A
11,840 14
179,200 12’
140,000 101
9,900 '
14,800 14
9,000 1
5,500 :
17,800 1
7,900 {
8,400 *
8,100
300 |
- - - - -
1,500 f
802,940 67!
351,200 31'
16,400 14
167,000 15.
17,500 :
37,800 2i
61,800 61
12,000 1
33,400 3
5,800 1
1,154,140 991
9,333,000 7,94
10,487,140 8,93
0.8899 0.8
|
Table



MENT FOR LOsy/LHy STAGES

3.2.9-4

(1e Configuration

Parallel Vehicles

P67B

636,160
360,260
41,000
106,200
107,700
8,000
13,000
178,600
140,000
9,900
14,800
9,000
4,900
43,300
7,900
33,800
8,500
300
25,000
1,600

858,060

356,700
16,400
172,000
17,500
37,300
61,800
12,500
33,400

5,800

1,214,760

9,328,000

10,542,760

0.8848

P65A

559,150
332,550
33,600
106,200
68,400
7,000
11,400
128,100
100,000
7,300
10,900
6,000
3,900
38,600
6,800
30,500
7,200
300
23,000
1,300

725,850

323,460
14,000
159,000
12,500
26,200
64,520
10,800
31,200

5,240
7,941,000

0.8833

1,049,310

8,990,310

Stage and One-Half

V’

PMG67A

649,200
408,900
30,000
83,600
104,000
9,500
13,200
163,800
122,000
11,000
16,600
9,000
5,200
41,200
8,200
33,000
8,700
300
24,000
854,200
389,230
21,300
174,000
16,800
37,750
76,700
12,500
43,400

6,780
1,243,430
9,474,000*

10,717,430

0.8839

D2-22431-111
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3.2.9.5 Study Baseline Vehicle —T65C

3.2.9.5.1 Criteria and Analysis

The T65 vehicle was chosen from the candidate matrix for preliminary design
effort. This vehicle, which is reflected in the weight statements, is also shown
in Figure 3.2.9-5. Configuration modifications from the T65 candidate include:

e Separation of orbital transfer stage from payload

e Reversal of LHy tank aft dome to form two tanks with convex bulkheads

e Change of LH, aft bulkhead from 0.7 b/a ellipsoid to 0.8 b/a ellipsoid

e Moving the first stage-second stage separation plane forward to a point 24 feet

forward of the gimbal plane.

Pertinent criteria are listed in Table 3. 2.9-5 for the solid first stage and in Table
3.2.9-6 for the liquid propellant stages.

Semidetailed weight statements for the total vehicle and the individual stages are
included in Tables 3. 2.9-7 through 3.2.9-10.

3.2.9.5.2 Mass and Inertia Data

Mass distributions for the first and second stages, respectively, of the T65C ‘
vehicle are shown in Figures 3.2.9-6 and 3.2.9-7. Center of gravity, mass |
moment of inertia, and vehicle weight are shown as a function of first-stage burn

time in Figure 3.2.9-8.
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SOLID STAGE CRITERIA

T65C Vehicle

Number of Motors/Diameter

Total Thrust at Launch (109 Ib)

Total Propellant Weight (109 1b)

Nominal Chamber Pressure (psi)
Grain Cross-Sectional Loading, Mg
Motor Volumetric Loading, Ny
Aport/Athroat

Nozzle Area Ratio, €

TVC

Case Limit Design Pressure, MEOP (psi)

Case Material

Case Ultimate Strength (psi)

Weld Factor

Retrorocket Capability

Slivers

Clustering Concept

Igniter

Table 3.2.9-5

III-243

(X 2] L 3

6/260 inches

54.9

24.82

698

0.693

0.684

1.80

5.7

Gimbaled Nozzles
799

18-percent Ni Marage Steel
250,000

0.90

0.5 g for 3 seconds
Inert

Cross Beams

Aft-End Ignition
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LIQUID STAGE CRITERIA
T65C Vehicle

LO9/LHy Second Stage

Engines

Propellant Weight (108 1b)
Tank Diameter (feet)

Tank Material/Construction

Tank Stiffening Design Criteria
Ullage Pressures (Startburn/Burnout)
Pressurization Concept

Ullage Rocket Capability
Retrorocket Capability
Reserve Velocity Capability

Separation Plane

N504/Aerozine-50 Orbit Transfer Stage

Engines
Engine Chamber Pressure (psi)

Propellant Weight, including 2300-pound
AV reserve

Propellant Supply

Ullage Pressure (psi)
Pressurization Concept
Helium Storage Pressure (psi)
Ullage Rockets

Retrorocket Capability
Reserve Velocity Capability

Five M-1at 1.5 x 108 1b
8.218

70

2219-T87 Aluminum/Waffle

Failure at 20-degree Angle
of Attack at maximum q

LO,  45/29
LHq 43/39
Bleed: 160°R GH over LHy

270°R GO,y over LO,
0.1 g for 3 seconds
1 g for 3 seconds
3.5 percent of 225-kilometer

24 feet forward of engine
gimbal plane

Two at 50,000-pound thrust
300
75,500 pounds

Pressure fed

430

Helium Blowdown
3000

Not Required

0.1 g for 3 seconds

3.5-percent of ( AV567-km

- AVa25_xm) :
Orbit Orbit

Table 3.2.9-6
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Ws 3c
Ws 3d
WT*
W7.2,6
W7.11
Wy 3¢
W8

Ws 2¢
Ws 2d
WT7*
W7.2,6
W7.11
Wy 2¢
w8

Wv 2i
w9

Ws 1c
Ws 1d
w7

Wy 1c
w8

Wy 1L

o° tee “p2ip0SIE FH" «.°

VEHICLE WEIGHT STATEMENT
T65C Vehicle

Payload (567-km)

ORBIT TRANSFER STAGE AT CUTOFF
Stage Dry Weight

Unusable Propellants and Gases
A V Reserve Propellant
Maximum P.U. Residual

Vehicle Weight at Transorbit Stage Cutoff

Orbit Transfer Stage Propellant
SECOND-STAGE WEIGHT AT CUTOFF
Stage Dry Weight
Unusable Propellant and Gases
AV Reserve Propellant
Maximum P.U. Residual
Vehicle Weight at Second-Stage Cutoff

Second-Stage Propellant
Vehicle Weight at Second-Stage Ignition
Second-Stage Weight Loss During Sep. /Start
FIRST-STAGE WEIGHT AT BURNOUT
Stage Dry Weight
Unused Propellant and Slivers

Vehicle Weight at First-Stage Burnout

First-Stage Propellant
Vehicle Weight at Liftoff

*W7, less 7.2, 7.6, and 7.11

Table 3.2.9-7

1-245

1,021,000
20,350
17,180

755
2,

w
(=]

0

[41]

-
1

ey

1,041,350
73,200
869, 890
590,250
94,440
154,000
31,200
1,984,440
8,064, 000
10,048, 440
26,100
2,970,420
2,890,920
79,500

13,044,960

24,823,400

37,868,360



w3

w4

: ':. D2—§2§L3.1.:111- cos

SEMIDETAILED WEIGHT STATEMENT

SOLID PROPELLANT FIRST-STAGE

T65C Vehicle

STRUCTURE 2,276,210
3.4 Solid Propellant Container 1,884,990
3.4.1 Cylinder 1,481,400

3.4.4 Forward Bulkhead 46,200

3.4.5 Y Rings 83,400

3.4.6 Nozzle Boss 24,120

3.4.8 Container Wall Liner 39,400

3.4.9 Forward Bulkhead Insulation 14,600

3.4.15 Aft Bulkhead 40,260
3.4.16 Aft Bulkhead Insulation 81,550

3.4.18 Cylinder Extensions 36,960

3.4.26 Miscellaneous 37,100

3.6 Structure Forward of Tanks 282,220
3.6.1 Forward Interstage 129,000

3.6.11 Cluster Structure 153,220
3.6.11.1 Rings and Outer Ties 27,800

3.6.11.2 Cross Beams 6,800

3.6.11.3 Intercostals 4,100

3.6.11.4 Motor Case Extensions 114,000

3.6.11.5 Aft Ties 520

3.8 Structure Aft of Propellant Containers 70,300
3.8.11 Aft Support Structure 66,200

3.8.12 Aft Aerodynamic Fairing 4,100

3.14 Base Heat Protection 20,000
3.26 Miscellaneous 18,700
PROPULSION SYSTEM 595,000
4.2 Nozzle (gimbaled) 562,000
4.10.1 Thrust-Vector-Control Hardware 21,900
4.10.1.1 Support Structure 1,050

4.10.1.2 Power Unit 11,250

4.10.1.3 Actuators 9,600

4.26 Miscellaneous 11,100

Table 3.2.9-8
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SEMIDETAILED WEIGHT STATEMENT

SOLID PROPELLANT FIRST-STAGE

T65C Vehicle

W6 EQUIPMENT AND INSTRUMENTATION

6.1 Support Structure
6.2 Environmental Control System
6.5 Control System Electronics
6.7 Navigation and Tracking
6.8 Telemetering and Measuring
6.11 Electrical System
6.12 Range Safety
6.17 Separation System
6.17.1 Mounting Hardware
6.17.2 Rocket Cases
6.17.5 Explosive Devices

Ws 1d DRY STAGE

W7 RESIDUAL PROPELLANTS AND SERVICE ITEMS
7.9.13
7.11 Solid Propellant Slivers (Inert)

Separation System Propellants

Ws 1c STAGE WEIGHT AT CUTOFF
W8 PROPELLANT CONSUMPTION

8.1 Solid Propellant

8.4 TVC Drive Propellant
Ws 1g STAGE WEIGHT AT GROUND IGNITION
Ws 1f STAGE MASS FRACTION, X

Table 3.2.9-8 (Cont.)

1-247

19,710
550
100

1,550
3,160
750
13,600

2,600
10,500
500

2,890,920
79,500
19,500
60,000

2,970,420

24,823,400
24,820,000
3,400

27,793,820

0.8931
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SEMIDETAILED WEIGHT STATEMENT
LO2/LHg SECOND STAGE

T65C Vehicle

STRUCTURE
3.1 LH2 Container

3.1.1,2 Skin, including Stiffening

3.1.4 Forward Bulkhead

3.1.5 Aft Bulkhead

3.1.10 Container Wall Insulation, Outer
3.1.12 Forward Bulkhead Insulation, Outer
3.1.14 Aft Bulkhead Insulation, Outer
3.1.15 Antislosh Devices

3.1.26 Miscellaneous

3.2 L02 Container

3.2.4 Forward Bulkhead

3.2.5 Aft Bulkhead

3.2.12 Forward Bulkhead Insulation, Outer
3.2.14 Aft Bulkhead Insulation, Outer
3.2.15 Antislosh Devices

3.2.26 Miscellaneous

Structure Forward of Tanks
Structure Between Tanks

Structure Aft of Tanks

© 00 a9 &

Thrust Structure

.14 Base Heat Protection

w W W W w W

.26 Miscellaneous
PROPULSION SYSTEM AND ACCESSORIES
4.1 Engines and Accessories

4.7 Fuel System

4.7.3 Fill and Drain System

4.7.4 Distribution System

4.7.7 Vent System

4.7.8 Tank Pressurization System
4.7.10 Antivortex Devices

4.7.26  Miscellaneous

Table 3.2.9-9
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449,100
136,720

76.050
23,280
21,080
3,790
2,160
2,360
4,000
4,000

100,540

28,470
61,750
2,160
2,360
2,900
2,900

22,600
68,400
34,500
68,400
4,000
13,940
125,350
100,000
11,665

400
8,750
150
1,400
125
840
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SEMIDETAILED WEIGHT STATEMENT
LOg/LHg SECOND STAGE

T65C Vehicle

Oxidizer System

4.8.3 Fill and Drain System
4.8.4 Distribution System

4.8.7 Vent System

4.8.8 Tank Pressurization System
4.8.10 Antivortex Devices

.8.26 Miscecllancous

V3N

Control System Hardware (TVC)

EQUIPMENT AND INSTRUMENTATION

6.1
6.2
6.8
6.10
6.11
6.12
6.17

6.18

Support Structure
Environmental Control System
Telemetering and Measuring
Propellant Utilization System
Electrical System

Range Safety

Separation System

6.17.1 Mounting Hardware
6.17.2 Rocket Cases
6.17.5 Explosive Devices

Ullage System (Attach Provisions)

Ws 2d DRY STAGE

W7

RESIDUAL AND RESERVE PROPELLANTS

7.

1
7.2
7.3
7.4

LH, Pressurants

LH2 for AV Reserves
LH, for Thrust Decay
LH, Trapped

7.4.3 In Lines
7.4.6 In Engine

LOZ Pressurants

LOy for AV Reserves

Table 3.2.9-9 (Cont.)
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6,800

1,300
4,200
300

1,700

590,250

279,640
14,600
25,600

2,100
6,350

4,500
1,850

31,840
128,400
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SEMIDETAILED WEIGHT STATEMENT
LO9/LH9 SECOND STAGE

T65C Vehicle

7.7 LO2 for Thrust Decay
7.8 LOy Trapped

7.8.3 In Lines
7.8.6 In Engines

7.9 Retrorocket Propellant
7.11 Maximum Propellant Utilization Residual (LO9)
7.26 Miscellaneous
Ws 2¢ STAGE WEIGHT AT CUTOFF
W8 PROPELLANT CONSUMPTION
8.1 LH

2
8.2 LO,

Ws 2i STAGE AT IGNITION
W9 WEIGHT LOSS PRIOR TO IGNITION

9.1 Fuel for Start
9.2 Oxidizer for Start
9.3 Ullage System Propellants
9.7 Ullage Rocket Cases
Ws 2s STAGE AT SEPARATION

Stage Mass Fraction, A' *

* 1 = Propellant Consumption
Stage Weight at Ignition

Table 3.2.9-9 (Cont.)

I11-250

10,400
16,150

12,000
4,150

9,500
31,200
3,500

869, 890

8,064,000
1,341,950
6,709,750

8,933,890

26,100
1,300
6,500

11,900
6,400

8,959,990

0.9026
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SEMIDETAILED WEIGHT STATEMENT
ORBIT TRANSFER STAGE

T65C Vehicle

STRUCTURE 10,080
3.1 Aerozine-50 Container 1,850
3.1.4 Forward Bulkhead 820
3.1.5 Aft Bulkhead 820
3.1.7 Support Structure Brackets 210
3.2 N20O4 Container 1,500
3.1.4 Forward Bulkhead 670
3.1.5 Aft Bulkhead 670
3.1.7 Support Structure Brackets 160
3.6 Structure Forward of Tanks 5,410
3.9 Thrust Structure 350
3.14 Base Heat Protection 350
3.17 Tank Support Structure 130
3.26 Miscellaneous 490
PROPULSION SYSTEM AND ACCESSORIES 6,315
4.1 Engines and Accessories (including TVC) 1,700
4.7 Fuel System 4,205
4.7.1 Fill and Drain 15
4.7.4 Distribution System 60
4.7.7 Vent System 20
4.7.8 Tank Pressurization System (including N9Oy) 4,100
4.7.10 Antivortex Devices 10
4.8 Oxidizer System 110
4.8.3 Fill and Drain System 15
4.8.4 Distribution System 65
4.8.7 Vent System 20
4.8.8 Tank Pressurization (included in 4. 7. 8)
4.8.10 Antivortex Devices 10
4.26 Miscellaneous 300
EQUIPMENT AND INSTRUMENTATION 785
6.1 Support Structure 50

Table 3.2.9-10
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SEMIDETAILED WEIGHT STATEMENT l
ORBIT TRANSFER STAGE

T65C Vehicle l

6.2 Environmental Control 30
6.4 Guidance System 200 l

6.8 Telemetering and Measuring 240
6.11 Electrical System 50 '

6.17 Separation System 215
6.17.1 Mounting Hardware 5 l

6.17.2 Rocket Cases 10
6.17.5  Explosive Devices 200 l

Ws 3d DRY STAGE 17,180
W7 RESIDUAL AND RESERVE PROPELLANTS 3,170 I

7.1,5 Residual Propellants 590
7.2  Aerozine-50 for AV Reserves 770 l

7.4 Aerozine-50 Trapped 30
7.6 N2Oy4 for AV Reserves 1,530 l

7.8 N50O,4 Trapped 45
7.9 Retrorocket Propellant 20 I

7.11 Maximum Propellant Utilization Residual (N9Oy) 115
7.26 Miscellaneous 70 I

Ws 3¢ STAGE WEIGHT AT CUTOFF 20,350
W8 PROPELLANT CONSUMPTION 73,200 '

8.1 Aerozine-50 24,400
8.2 NyOy 48,800 l

Ws 3i STAGE WEIGHT AT IGNITION 93,550
Ws 3f STAGE MASS FRACTION, A' 0.7825 l
Table 3.2.9-10 (Cont.) I
1
II1-252 l
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3.2.9.6 Vehicle Trade Studies

Two vehicle trade studies were conducted on a weight basis — second stage tankage
concept, and first stage case material.

3.2.9.6.1 Second-Stage Tank Concept

To select a tank configuration most suitable to the NOVA vehicle second stage,
three candidates were evaluated on a weight basis.

e A single tank with separate propellant containers (tank diameter = 70 feet),
e A cluster of five 25-foot-diameter tanks with separate propeliant containers,
e An eight-cell tank (shell radius = 17.5 feet, tank diameter = 70 feet).
All configurations have a usable propellant capacity of 8,064,000 pounds (+ AV
reserve = 154,000) of LOg/LHsg and five M-1 engines. The general arrangement

of the tank configurations is shown in Figure 3.2.9-9 and weight statements for
all three second stages are shown in Table 3.2.9-11.

Weight Analysis —

e Structure — The single- and multicell tanks are constructed of aluminum waffle
pattern, and the clustered tanks are constructed of an integrally milled sheet-
stringer pattern. Outside insulation was used, and cryogenic temperature
allowables for 2219-T87 aluminum were used wherever possible. Tankage
weight is allocated to weld lands based on weld lengths defined by manufactur-
ing. Interstage and intertank structure is integral sheet-and-stringer con-
struction.

o The dome (tank and closure) weight for the single tank is considerably higher
than for either of the others; however, the propellant capacity is also higher
(Ve D3). Skin gages and areas for these components are lower on the multi-
cell and multiple tanks, since they are composed of a number of sections of
small radius. The sidewall weight for the single tank is slightly higher than
for the multicell configuration, even though the area is smaller. However,
an equitable comparison must include the weight of the radial webs in the
multicell configuration, since they carry the hoop tension loading that is
removed from the side wall by the smaller diameter of the side wall seg-
ments as compared to the single tank., The clustered tanks suffer severely
in the side walls, since the light pressure shell obtained from the 25-foot
diameter must be stiffened substantially to carry the axial loads.

e Figure 3.2.9-10 is a bar chart showing a breakdown of structural weights for
the three tankage concepts. Note that the weight advantage of the multicell
tank lies in the sharp decrease in the amount of interstage-type structure
required. The diagonally shaded areas to the right of the weight breakdown
divide the total propellant volume into the portion carried by each structural
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SEMIDETAILED WEIGHT STATEMENT
TANK CONFIGURATION TRADE

T65C Baseline Vehicle

Single
Tank

W3 STRUCTURE 449,100
3.1 LH2 Container 120,620
3.1.1,2 Skin, including Stiffening 58,850

3.1.3 Radial Webs - - - -

3.1.4 Forward Bulkhead 23,280

3.1.5 Aft Bulkhead 21,080
3.1.10-14 Insulation 8,310

3.1.15 Antislosh Devices 4,000

3.1.26 Miscellaneous 5,100

3.2 LO2 Container 102,040
3.2.2,2 Skin, including Stiffening - - - -

3.2.3 Radial Webs - - - -

3.2.4 Forward Bulkhead 28,470

3.2.5 Aft Bulkhead 61,750
3.2.10-14 Insulation 4,520

3.2.15 Antislosh Devices 2,900

3.2.16 Center Tube - - - -
3.2.26 Miscellaneous 4,400

3.6 Structure Forward of Tanks 30,400
3.6.1 Forward Interstage 30,400

3.6.11 Forward Cluster Structure - - - -

3.7 Structure Between Tanks 78,000
3.8 Structure Aft of Tanks 34,500
3.8.1 Aft Skirt 34,500

3.8.11 Aft Cluster Structure - - - -

3.9 Thrust Structure 68,400
3.14 Base Heat Protection 4,000
3.26 Miscellaneous Structure 11,140
W4 PROPULSION SYSTEM 125,350
4.1 M-1 Engines and Accessories 100,000

Table 3. 2.9-
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11

Cluster
of Five

659,790
240,300
191,220

4,850
5,700
27,400
630
10,500

107,090
66,430

5,400
15,800
14,700

260

4,500
40,400

25,400
15,000

54,400
165, 200

122,000
43,200

34,400
5,000
13,000
127,350
100,000

Multicell

Tank
410,720
141,620

162,370

29,850
63,300
8,520
18,900
5,000

32,000
4,800

5,050
5,050

10,420
31,700
31,700

46,500
5,000
8,060

123,350
100,000
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SEMIDETAILED WEIGHT STAT

EMENT

TANK CONFIGURATION TRADE

T65C Baseline Vehicle

4.7,8 Propellant Systems
4.10 TVC System
4.26 Miscellaneous
W6 EQUIPMENT AND INSTRUMENTATION
Ws 2d Dry Stage
W7 RESIDUALS AND RESERVE PROPELLANTS

7.2,6 AV Reserve

7.3,7 Thrust Decay

7.4,8 Trapped Propellant

7.5 LO2 Pressurants

7.9 Retrorocket Propellants

7.11 Maximum Propellant Utilization
Residual

7.26 Miscellaneous

Ws 2¢ Stage Weight at Cutoff

W8 PROPELLANT CONSUMPTION
Ws 2i Stage Weight at Ignition

Single Cluster Multicell
Tank of Five Tank

17,950 17,950 16,300
6,000 7,500 6,000
1,400 1,900 1,050
15,800 17,900 14,800
590,250 805,040 548,870
279,640 283,310 281,890
154,000 154,000 154,000
12,500 12,500 12,500
22,500 24,800 26,780
32,140 31,010 31,010
9,500 12,000 8,500
31,200 31,200 31,200
3,500 3,500 3,600

869,890 1,088,350 830,760

8,064,000 8,064,000 8,064,000
8,933,890 9,152,350 8,894,760

Ws 2f Stage Mass Fraction, A '

Table 3.2.9-11 (Cont.)
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0.9026

0.8810

0.9066
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member. The further to the right that each block extends, the more efficient
the component is in containing the volume. The propellant containers of the
single-tank configuration are quite efficient, but the connecting structure is
a heavy item and contains no propellant. Conversely, the cylindrical side-
walls of the clustered tanks are quite inefficient due to the sidewall thickness
required by the clustering loads.

The weight statements shown in Table 3.2.9-11 reflect stage separation at
the engine gimbal plane for the multiple and multicell tanks and at a point

approximately 24 feet forward of the gimbal plane for the single-tank con-
figuration.

Tank insulation weights are based on total tank areas of both propellants.

Slosh suppression provisions consist of a beaded, lightened cylinder in each
propellant compartment with unit weights based on extrapolated data. The
radial webs of the multicell tanks were assumed to provide the same function.

Thrust structure for the single tank is a 60-degree thrust-cone frustum with
four M-1 engines mounted on the periphery and one on a cross-beam structure
in the center. The multiple tank concept has one engine mounted on cross
beams on the aft end of each tank module. The multicell tank concept has
beams running from the center post to the web-sidewall joint, with one engine
mounted between alternate pairs of beams and a single engine at the center

of the cluster. In the single-tank and clustered-tank configurations, the
thrust loads are carried by the tank sidewall. The multicell utilizes both

the external sidewall and the LOg tank center tube.

The cluster structure for the clustered-tank configuration is a cross-beam
arrangement similar to that used on the solid propellant stage. Note that

the weight allocated as "structure aft of tanks — aft skirt' is also largely a
clustering penalty. A more efficient second-stage clustering concept might be
designed if the number of second-stage tank-engine modules equaled the number
of first-stage motors.

As anticipated, the propellant container weight of the single tank and the
multicell tank are comparable. The net weight reduction of about 40, 000
pounds in the multicell tank as compared to the single tank is largely a re-
sult of eliminating the inefficiencies involved in the interstage structures
that must transmit loads but have no propellant capacity.

Propulsion System — The variation in propellant feed system weights depends
on the length of the lines in the various configurations. The LHg lines are
taken to be outside the LOg tank for the single-tank configuration, between
the LOg2 tanks for the clustered tanks, and to run through the LO9 tank center
tube in the multicell configuration. In addition, level-equalizing manifolding
is provided for the clustered-tank concept.

Retrorocket and ullage rocket weights are functions of the inert weight of the
stage.
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e Residuals — Line residuals were based on total line volumes in each case.

It was assumed there would be no residual propellant in the tanks for any con-

figuration. Level-equalizing manifolding for the clustered tanks and holes
in the radial webs of the multicell configuration maintain liquid levels and
pressures such that the P.U. residual is treated as that of a single tank.

3.2.9.6.2 First-Stage Case Material Trade

To evaluate the effect of case material allowable on vehicle weight, a motor con-
structed of HP 150 (Fg, = 150,000 psi) was compared with one of 18-percent Ni
marage (Fty = 250,000 psi). The pertinent criteria are listed in Table 3.2.9-12,
and a summary of the weight effects is shown in Table 3. 2.9-13. The weight in-
crease of 814, 510 pounds associated with the change from 18-percent Ni marage
to the HP 150 results in a payload decrease of approximately 98,000 pounds (with
no change in propellant weight).

Weights Analysis — Table 3.2,9-12 lists the criteria involved. The 0.65-inch
sidewall thickness for the maraged steel was obtained from ground load stability
considerations rather than hoop tension. The motor chamber pressure was
adjusted to give a maximum expected operating pressure that would require the
same thickness for the pressurized condition. Since no such limitation existed
for the thicker HP 150 case, the motor nominal chamber pressure was 600 psi,
and the MEOP was 720 psi.

WEIGHTS CRITERIA: First-Stage Solid-Propellant Case Materials
Type of Steel

18 Ni Marage HP 150
Ultimate Tensile Strength (psi) 250, 000 150, 000
Density (Ib/in3) 0.290 0.283
Weld Factor 0.9 0.9
Nominal Case Thickness (inch) 0.65 0.97
Nominal Chamber Pressure (psi) 698 600
MEOP (psi) 799 720

Table 3.2.9-12

A plot of motor weight as a function of case material allowable is shown in Fig-
ure 3.2.9-11. The motor weight is not inversely proportioned to the allowable,
since such items as the liner and nozzle are included. The broken line indicates
the minimum weight obtainable, based on the case stability criterion of minimum
wall thickness.
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WEIGHT COMPARISON First-Stage Solid-Propellant Case Materials
Type of Steel
18 Ni (Fgy = 250,000 psi)] HP 150 (Fty = 150,000 psi)
One Motor Stage One Motor Stage

(Basic Motor) 409, 680 2,458,090 543,920 | 3,263,520
Cylinder 246,900 | 1,481,400 359,920 | 2,154,780
Forward Head 7,700 46, 200 11, 350 68,100
Aft Head 6,710 40, 260 9,490 56,940
Y Rings 13,900 83,400 20, 200 121, 200
Nozzle Boss 4,020 24,120 4,320 25,920
Handling Skirts 6,160 36,960 6,010 36,060
Nozzle, Gimbaled 93, 670 562,000 100, 170 601, 000
Other 30, 620 183,750 33, 250 199, 500
(Structural Provisions) 391, 220 391, 220
TVC System 21,900 21,900
(Equipment) 19,710 24,010
(Unused Propellant) 79,500 84,100
Total Inert Weight 409,680 | 2,970,420 543,920 3,784,750
Total Weight Change +134, 240 +814,510
Percent Change in Weight +32.7 +27.4

Mass Fraction, A'* 0.9099 | 0.8931 0.8838 10.8677

* Wpi1 (Six Motors) = 24, 820, 000

A summary of the weight changes is shown in Table 3.2.9-13.

Table 3.2.9-13

The weight in-

crease in utilizing HP 150 is less than might be anticipated because of the cham-

ber pressure difference indicated above.
due to the change in chamber pressure.

The difference in nozzle weights is also
The net stage-weight increase for the

change from 18 Ni marage steel to HP 150 is 814, 510 pounds or 27.4 percent of
first-stage inert weight.
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3.2.9.7 Preliminary Design Vehicle

The weights for the final vehicle resulting from the trade studies conducted and
the details generated in various areas are shown in Tables 3.2.9-14 through
3.2.9-19. Vehicle weight statements are shown for the escape mission and for
the orbital mission (Tables 3.2.9-14 and 3.2.9-15, respectively). Semidetailed
weight statements are shown for the solid-propellant stage (Table 3.2.9-16), the
LO2/LH2 second stage (Table 3.2.9-17), the orbital transfer stage (Table
3.2.9-18), and the LO2/LH2 escape stage (Table 3.2.9-19).

The orbital payload configuration is essentially the same as that shown in Figure
3.2.9-5, with the payload as shown in Table 3.2.9-14. The escape stage con-
figuration is shown in Figure 3.2. 3-16.

3.2.9.7.1 Weights Analysis

The criteria, ground rules, and analysis methods are similar to those in 3.2.9.4.1
except for the items described below, and the changes indicated in Tables 3. 2.9-20
and -21. In addition, weights described in 3.2.9.4.1 as extrapolated from
previous data have been supplemented by detail calculations and design by the cog-
nizant technologies, and the current weights reflect these efforts.

First Stage —

e Case Liner — Liner weights are based on the total inner surface of the motor
case being coated with a 0. 1-inch-thick rubber-based liner with a density of
0. 042 pound per cubic inch.

e Internal Insulation Bulkheads — Motors have phenolic-based insulation
(P =0.063 1b/in3) for the forward and aft bulkheads. The insulation weight
for the forward bulkhead is based on an average thickness of 0.5 inch. The
aft bulkhead insulation is a function of chamber pressure and burn time and
the average thickness is 3.7 inches.

LO2/LHg Second Stage —

e Tankage — The LO2/LHg tankage pressure shells are designed by pressure
test requirements, rather than mission loads. This results in an increase
of approximately 15 percent of tank weight over the vehicle requirements.
The bulkheads have been designed as zonal sections, whose thickness is deter-
mined by the local curvature and pressure requirements. The non-propellant-
carrying cylindrical segments are designed by the 20-degree angle of attack
condition at maximum q. The tank structure is 2219-T87 aluminum waffle
and the intertank, structure, etc., is aluminum semimonocoque with inte -
grally milled stiffeners. The design limit ullage pressures are 42 psi for
the LO2 and 38 psi for the LHg tank, including venting tolerances.
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VEHICLE WEIGHT STATEMENT
T65D Vehicle
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Payload  (567-kilometer orbit)
Ws 3c ORBIT TRANSFER STATE AT CUTOFF
Ws 3d Stage Dry Weight
WT* Unusable Propellants and Gases
W7.2,6 A V Reserve Propellant
w7.11 Maximum P.U. Residual
Wv 3¢ Vehicle Weight at Transorbit Stage Cutoff
w8 Orbit Transfer Stage Propellant
Ws 2c SECOND-STAGE WEIGHT AT CUTOFF
Ws 2d Stage Dry Weight
W* Unusable Propellant and Gases
W7.2,6 A V Reserve Propellant
wW7.11 Maximum P.U. Residual
Wv 2c Vehicle Weight at Second-Stage Cutoff
w38 Second-Stage Propellant
Wv 2i Vehicle Weight at Second-Stage Ignition
w9 Second-Stage Weight Loss During Sep. /Start
Ws 1c FIRST-STAGE WEIGHT AT BURNOUT
Ws 1d Stage Dry Weight
w7 Unused Propellant and Slivers
Wv 1c Vehicle Weight At First-Stage Burnout
w8 First-Stage Propellant
Wv 1L Vehicle Weight at Liftoff

*W7, less 7.2, 7.6, and 7.11

Table 3.2.9-14
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1,070,000

20,400
17,115
765
2,400
120

1,090, 400

74,600
873,200
596,450

81,050
154,000

41,700

2,038,200

8,064,000

10,102,200

44,900
3,093,870
3,000,870

93,000

13,240,970

24,820,960

38,061,930
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VEHICLE WEIGHT STATEMENT
Escape Payload Vehicle

Payload (Escape) 466,000
Ws 3c ESCAPE-STAGE AT CUTOFF 69,000
Ws 3d Stage Dry Weight 46,290
W7* Unusable Propellants and Gases 4,110
W7.2,6 A V Reserve Propellant 15,000
wW7.11 Maximum P.U. Residual 3,600
Wv 3c Vehicle Weight at Escape-Stage Cutoff 535,000
w8 Escape-Stage Propellant 630,000
Ws 2c SECOND-STAGE WEIGHT AT CUTOFF 873,200
Ws 2d Stage Dry Weight 596,450
wWT* Unusable Propellant and Gases 81,050
W17.2,6 A V Reserve Propellant 154,000
w7.11 Maximum P.U. Residual 41,700
Wv 2¢ Vehicle Weight at Second-Stage Cutoff 2,038,200
w8 Second-Stage Propellant 8,064,000
Wv 2i Vehicle Weight at Second-Stage Ignition 10,102,200
w9 Second-Stage Weight Loss During Sep. /Start 44,900
Ws 1c FIRST-STAGE WEIGHT AT BURNOUT 3,093,870
Ws 1d Stage Dry Weight 3,000,870
w7 Unused Propellant and Slivers 93,000
Wv 1c Vehicle Weight at First-Stage Burnout 13,240,970
w8 First-Stage Propellant 24,820,960
Wv 1L Vehicle Weight at Liftoff 38,061,930

*W7, less 7.2, 7.6, and 7.11

Table 3.2.9-15
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w3

W4

3.4

3.6

3.8

3.14
3.26
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SEMIDETAILED WEIGHT STATEMENT

SOLID PROPELLANT FIRST STAGE
T65D Vehicle

STRUCTURE

Solid Propellant Container

e

1 Cylinder
.4 Forward Bulkhead
.5 Y-Rings
6 Nozzle Boss
8 Container Wall Liner
.9 Forward Bulkhead Insulation
.15 Aft Bulkhead
.16 Aft Bulkhead Insulation
.18 Cylinder Extensions
.26 Miscellaneous

OO 0O 0O LY WO Lo O W
O O T T N N NN

>

Structure Forward of Tanks

3.6.1 Forward Interstage
3.6.11 Cluster Structure

3.6.11.1 Rings and Outer Ties

3.6.11.2 Cross Beams

3.6.11 Intercostals
3.6

3.6.11.5 Aft Ties
Structure Aft of Propellant Containers

3.8.11 Aft Support Structure
3.8.12  Aft Aerodynamic Fairing

Base Heat Protection

Miscellaneous

PROPULSION SYSTEM

4.2

4.26

Nozzle (Gimbaled)
4.10.1 Thrust-Vector-Control Hardware

4.10.1.1 Support Structure
4.10.1.2 Power Unit
4.10.1.3 Actuators

Miscellaneous

Table 3.2.9-16

ITI-270

.3
.11.4 Motor Case Extensions

2,380,930
1,892,490

1,488,700
46,200
83,400
24,120
39,500
14,600
40,260
81,550
36,960
37,200

326,600

145,000
181,600

42,180
16,300
4,100
118,500
520

127,600

125,500
2,100

10,940
23,300
587,570
562,000
14,470

700
7,770
6,000

11,100




Sl 1 IpaRgadeats,

SEMIDETAILED WEIGHT STATEMENT
SOLID PROPELLANT FIRST STAGE

T65D Vehicle

[ ] L2 ® eee o0
® o ® e
e oo ® e
® o ® o
® 00 oo

| W6  EQUIPMENT AND INSTRUMENTATION 32,370
|

1 6.1 Support Structure 500
| 6.2  Environmental Control System 400

6.5 Control System Electronics
6.7 Navigation and Tracking

6.8 Telemetering and Measuring 660

6.11 Electrical System 3,160

6.12 Range Safety 750

6.17 Separation System 26,900

6.17.1 Mounting Hardware 5,400

6.17.2 Rocket Cases 21,000

6.17.5 Explosive Devices 500

Ws 1d DRY STAGE 3,000,870

W17 RESIDUAL PROPELLANTS AND SERVICE ITEMS 93,000

7.9.13 Separation System Propellants 33,000

7.11  Solid Propellant Slivers (Inert) 60,000

Ws 1¢c STAGE WEIGHT AT CUTOFF 3,093,870

w8 PROPELLANT CONSUMPTION 24,820,960

8.1 Solid Propellant 24,820,000

8.4 TVC Drive Propellant 960

Ws 1g STAGE WEIGHT AT GROUND IGNITION 27,914,830
Ws 1f STAGE MASS FRACTION,A' 0.8892

Table 3.2.9-16 (Cont.)
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SEMIDETAILED WEIGHT STATEMENT
LOy/LHg SECOND STAGE

T65D Vehicle

w3 STRUCTURE 465,150
3.1 LH2 Container 150,650
3.1.1,2 Skin, including Stiffening 98,100

3.1.4 Forward Bulkhead 16,810

3.1.5 Aft Bulkhead 17,740
3.1.10 Container Wall Insulation, Outer 4,400
3.1.12 Forward Bulkhead Insulation, Outer 1,600
3.1.14 Aft Bulkhead Insulation, Outer 1,600
3.1.15 Antislosh Devices 6,000
3.1.26 Miscellaneous 4,400

3.2 LOZ Container 88,000
3.2.4 Forward Bulkhead 37,100

3.2.5 Aft Bulkhead 44,900

3.2.15 Antislosh Devices 3,500
3.2.26 Miscellaneous 2,500

3.6 Structure Forward of Tanks 22,000
3.7 Structure Between Tanks 77,200
3.8 Structure Aft of Tanks 37,000
3.9 Thrust Structure 74,200
3.9.1 Skin and Stiffening 40,400

3.9.2 Longerons 3,840

3.9.3 Beams 12,500
3.9.26 Miscellaneous 17,400

3.14 Base Heat Protection 4,000
3.26 Miscellaneous 12,100
w4 PROPULSION SYSTEM AND ACCESSORIES 122,390
4.1 Engines and Accessories 100,000
4.7 Fuel System 12,175
4.7.3 Fill and Drain System 400

4.7.4 Distribution System 8,750

4.7.7 Vent System 150

4.7.8 Tank Pressurization System 1,400
4.7.10 Antivortex Devices 125
4.7.26 Miscellaneous 1,350

Table 3.2.9-17
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SEMIDETAILED WEIGHT STATEMENT

LO2/LH2 SECOND STAGE
T65D Vehicle

Oxidizer System

4.8.3 Fill and Drain System
4.8.4 Distribution System

4.8.7 Vent System

4.8.8 Tank Pressurization System
4.8.10 Antivortex Devices

4.8.26 Miscellaneous

Control System Hardware (TVC)

w6 EQUIPMENT AND INSTRUMENTATION
6.1 Support Structure
6.2 Environmental Control System
6.8 Telemetering and Measuring
6.10 Propellant Utilization System
6.11 Electrical System
6.12 Range Safety
6.17 Separation System
6.17.1 Mounting Hardware
6.17.2 Rocket Cases
6.17.5 Explosive Devices
6.18 Ullage System (Attachment Provisions)
Ws 2d DRY STAGE
W7 RESIDUAL AND RESERVE PROPELLANTS

7.1
7.2
7.3
7.4

7.5
7.6

LH, Pressurants

LHy for AV Reserves
LHy for Thrust Decay
LH2 Trapped

7.4.3 In Lines
7.4.6 In Engine

LOZ Pressurants

LOy for AV Reserves

Table 3.2.9-17 (Cont.)
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8,215

400
5,850
150
800
125
890

2,000
8,910
510
250
790
150
3,200
160
850

130
420
300

3,000

596,450

276,750
11,900
25,600

2,100
6,350

4,500
1,850

30,000
128,400
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SEMIDETAILED WEIGHT STATEMENT
LO2/LHg SECOND STAGE

T65D Vehicle

7.7 LOg for Thrust Decay
7.8 LOy Trapped

7.8.3 In Lines
7.8.6 In Engines

7.9 Retrorocket Propellant
7.11 Maximum Propellant Utilization Residual (LO,)
7.26 Miscellaneous

STAGE WEIGHT AT CUTOFF

W8 PROPELLANT CONSUMPTION
8.1 LHy
8.2 LO,

Ws 2i STAGE AT IGNITION

W9 WEIGHT LOSS PRIOR TO IGNITION
9.1 Fuel for Start
9.2 Oxidizer for Start
9.3 Ullage System Propellants
9.7 Ullage Rocket Cases

Ws 2s STAGE AT SEPARATION

STAGE MASS FRACTION, A'*

_ Propellant Consumption
Stage Weight at Ignition

Table 3.2.9-17 (Cont.)
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10,400
16,150

12,000
4,150

950
41,700
3,200

873,200

8,064,000
1,357,950
6,706,050

8,937,200

44,900
1,300
6,500

29,600
7,500

8,982,100
0.9025
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SEMIDETAILED WEIGHT STATEMENT
ORBIT TRANSFER STAGE

T65D Vehicle
STRUCTURE
3.1 Aerozine-50 Container

3.1.4 Forward Buikhead
3.1.5 Aft Bulkhead
3.1.7 Support Structure Brackets

3.2 N20O4 Container

3.1.4 Forward Bulkhead
3.1.5 Aft Bulkhead
3.1.7 Support Structure Brackets

3.6 Structure Forward of Tanks

3.9 Thrust Structure

3.14 Base Heat Protection

3.17 Tank Support Structure

3.26 Miscellaneous

PROPULSION SYSTEM AND ACCESSORIES
4.1 Engines and Accessories (including TVC)
4.7 Fuel System

4.7.1 Fill and Drain

4.7.4 Distribution System

4.7.7 Vent System

4.7.8 Tank Pressurization System (including

N2Oy4)
4.7.10 Antivortex Devices

4.8 Oxidizer System

Tank Pressurization (included in 4.7, 8)
.10 Antivortex Devices

.3 Fill and Drain System
.4 Distribution System
L Vent System
.8

1

s
oo 0 0

4.26 Miscellaneous
EQUIPMENT AND INSTRUMENTATION
6.1 Support Structure

Table 3.2.9-18
m-275

9,900
1,900
840
840
220
1,550

690
690
170

5,410
350
350
140
200

6,065

1,700

3,945

15

60

20
3,840
10
110

15

65

20

10
310
1,150
85
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SEMIDETAILED WEIGHT STATEMENT
ORBIT TRANSFER STAGE

T65D Vehicle
6.2 Environmental Control
6.4 Guidance System
6.8 Telemetering and Measuring
6.11 Electrical System
6.17 Separation System

6.17.1 Mounting Hardware
6.17.2 Rocket Cases
6.17.5 Explosive Device

.11 Maximum Propellant Utilization Residual (NoOy)

Ws 3d DRY STAGE
w7 RESIDUAL AND RESERVE PROPELLANTS
7.1,5 Residual Propellants
7.2 Aerozine-50 for AV Reserves
7.4 Aerozine-50 Trapped
7.6 N2Oy4 for AV Reserves
7.8 N9O4 Trapped
7.9 Retrorocket Propellant
7
7.26 Miscellaneous
Ws 3¢ STAGE WEIGHT AT CUTOFF
w8 PROPELLANT CONSUMPTION
8.1 Aerozine-50
8.2 N204
Ws 3i STAGE WEIGHT AT IGNITION
Ws 3f STAGE MASS FRACTION, A

Table 3.2.9-18 (Cont.)
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30
600
120
100
215

10
200

17,115
3,285
600
800

30
1,600
45

20

120

70
20,400
74,600
24,870
49,730
95,000
0.7853



w3

w4

T65D Vehicle

STRUCTURE 33,
3.1 LHy Container 8,

3.1.4 Forward Bulkhead 3,

3.1.5 Aft Bulkhead 3,

3.1.12 Forward Bulkhead Insulation, Outer

3.1.14 Aft Bulkhead Insulation, Outer

3.1.15 Antislosh Devices

3.1.26 Miscellaneous
3.2 LOy Container 3,

3.2.4 Forward Bulkhead

3.2.5 Aft Bulkhead 2,

3.2.15 Antislosh Devices

3.2.26 Miscellaneous
3.6 Structure Forward of Tanks 5,
3.7 Structure Between Tanks 2,
3.8 Structure Aft of Tanks 11,
3.9 Thrust Structure 1,
3.14 Base Heat Protection
3.26 Miscellaneous
PROPULSION SYSTEM AND ACCESSORIES 11,
4.1 Engines and Accessories 9,
4.7 Fuel System

4.7.3 Fill and Drain System

4.7.4 Distribution System

4.7.7 Vent System

4.7.8 Tank Pressurization System

4.7.10 Antivortex Devices

4.7.26 Miscellaneous
4.8 Oxidizer System

4.8.3 Fill and Drain System

4.8.4 Distribution System

$i. 1 iDeiRSLf
SEMIDETAILED WEIGHT STATEMENT
LO2/LHy ESCAPE STAGE

Table 3.2.9-19
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370
640

330
810
550
550
200
200

170

870
050
150
100

050
230
170
750
600
760
160
300
680

100
320
50
100
20
90

550

100
210
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SEMIDETAILED WEIGHT STATEMENT I
LO2/LH2 ESCAPE STAGE
T65D Vehicle l
4.8.7 Vent System 50
4.8.8 Tank Pressurization System 100
4.8.10  Antivortex Devices 20 l
4.8.26 Miscellaneous 70
4.10 Control System Hardware (TVC) 630 '
wé EQUIPMENT AND INSTRUMENTATION 1,760
6.1 Support Structure 60 I
6.2 Environmental Control System 50
6.4 Guidance System 600 l
6.8 Telemetering and Measuring 140
6.10 Propellant Utilization System 50 l
6.11 Electrical System 200
6.17 Separation System 250 l
6.17.1 Mounting Hardware 10
6.17.2 Rocket Cases 40
6.17.5 Explosive Devices 200 '
6.18 Ullage System (Attachment Provisions) 410
Ws 3d DRY STAGE 46,290 '
w17 RESIDUAL AND RESERVE PROPELLANTS 22,710
7.1 LHy Pressurants 980 l
2 LHy for AV Reserves 2,500
7.3 LHy for Thrust Decay 5 l
7.4 LH, Trapped 380
7.4.3 In Lines 330 '
7.4.6 In Engine 50
7.5 LOy Pressurants 1,470 I
7.6 LO, for AV Reserves 12,500
7.7 LO, for Thrust Decay 25 l
7.8 LOg Trapped 990
7.8.3 In Lines 770 I
7.8.6 In Engines 220
Table 3.2.9-19 (Cont.) I
II-278
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SEMIDETAILED WEIGHT STATEMENT

LOy/LHy ESCAPE STAGE

T65D Vehicle

7.9 Retrorocket Propellant

7.11 Maximum Propellant Utilization Residual (LO9g)

7.26 Miscellaneous

STAGE WEIGHT AT CUTOFF

w38

Ws 3i

PROPELLANT CONSUMPTION
8.1 LHy

8.2 LO,

STAGE AT IGNITION

*
STAGE MASS FRACTION, A'

A' =Propellant Consumption
Stage Weight at Ignition

Table 3.2.9-19 (Cont.)
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60
3,600
200
69,000
630,000
106,170
523,830

699, 000
0.9013
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e Insulation — No insulation is required on the LO, tank. The LHg tank insula-
tion requirement is approximately 0. 12 inch on the forward and aft bulkheads
and 0. 08 inch on the cylindrical sidewall.

Propellant Loading/Utilization System — The open-loop, on-loaded fuel P. U.
system requires no flow metering or control devices. It does, however, re-
quire a system to determine the tank loading at launch. The weight includes
provision for level sensors and temperature probes, a stillwell, and the nec-
essary wiring and support structure.

Propellant Utilization Residual — The propellant required by the propellant
utilization concept is:

Maximum residual (20 ) = 41, 700 pounds
On-loaded fuel = 16,750 pounds

The propellant required by performance for the nominal mission is 8,064,000
pounds. The propellant loaded at the loading mixture ratio is:

8,064, 000 pounds required propellant consumption
_ 16, 750 LH9 on-load
8,047, 250 pounds

+ 41,700 Maximum residual

8,088, 950 pounds Total LOg/LHy for nominal mission at loading mixture
ratio

Note that this system ensures the burning of 16,750 pounds of propellant in
addition to the 8,047,250 pounds, and the 16,750 pounds burned may be either
all LH2 or a combination of LLO2/LHg out ot the 41, 700 pounds on-loaded. The

maximum residual may be either all LO2, all LHg, or a combination at any
mixture ratio.

Orbital Transfer Stage — The orbital transfer stage consists of a pair of NoOg4/

Aerozine-50 pressure-fed engines, 74,000 pounds of propellant, associated tank-
age, and hardware. The guidance package for the entire vehicle is contained in

the transtage area. Included is 48 inches of cylindrical interstage to which the

propulsion units are fixed. The weights criteria and ground rules are unchanged

from Table 3.2.9-10.

Escape Stage — The escape stage is LOgy/ LH, third stage powered by three J-2

engines. Analysis methods are generally the same as those for the second stage.

Criteria and ground rules are listed in Table 3.2.9-22,
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LOy/LHy ESCAPE-STAGE WEIGHTS CRITERIA

Engines

Propellant Weight (including 15, 000-

pound AV Reserve)
Tankage
Tank Material
Tank Construction
LO2 Tank Diameter (feet)
LHo Tank Diameter (feet)

Limit Ullage Pressure (psia)

Pressure Design Requirement
Pressurization Concept

Mean Gas Temperature at Burnout

Ullage Rocket Capability
Retrorocket Capability

Reserve Velocity Capability

3 J-2

645,000 pounds

0.8 b/a ellipsoids
2219-T87 aluminum

Zonal Sections

13

40

LOZ: 35
Proof Test
Bleed
GH,: 160°R
GOz: 270°R

0.1 g for 4.5 seconds
0.1 g for 3 seconds

3.5 percent of ( AVescape

- AVaos5_km)
orbit

Table 3. 2.9-22
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3.2.10 Environmentahd Toldtrok —:.: “. ERENEENRX
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3.2.10.1 Environmental Requirements

3.2.10.1.1 First-Stage Solid Motor

Solar Radiation — The vehicle will be assembled in a sheltered '"launch building"
providing adequate solar shielding during assembly.

Humidity — Motor cavity relative humidity will be controlled to below 60 percent
at 60°F and 45 percent at 80°F.

Temperature — Temperature decay rates from the time of propellant curing to
launch time using natural or forced cooling (or both) were established using a
mathematical model that assumed a circular port of equal cross-sectional area
as the star-port area.

Propellant cure temperature was assumed to be 140°F. The analysis starts
after propellant has cured. The motor is cooled only on the exterior with 15 fps,
80°F ambient air for 1 month. At this time, the cavity wall temperature is
96.6°F and the outer-case propellant is at 80. 49°F.

The motors are fitted with their respective hardware during the next month. The
first motor is held until all six are fitted, assuming a production rate of six
motors per month. The motors are then moved to the launch building where they
will remain for 4 months for vehicle assembly and launch operations.

Considering the 4 months on the launch pad, two modes of motor cooling were
analyzed. In the first mode, forced air was used to cool the cavity, and natural
convection cooled the motor exterior. In the second mode, only the motor
exterior was cooled, again by natural convection. The resulting temperature
differences in the motor cavity are shown below for the first and last motor
produced for that stage.

Cavity cooled Cavity not cooled
Exterior natural convection Exterior natural convection
A Temperature = 0.002°F A Temperature = 0.601°F

Figures 3.2.10~-1 and -2 show the temperature profiles for the first and last
motors of the production run being cooled in the above modes. Cavity cooling
was assumed in the motor variance study.

A temperature difference of 0. 601°F between motors will result in an initial
thrust difference of 0.06 percent; therefore, it is concluded that no cavity cooling
during assembly on the launch pad is required on a motor variance basis. Tem-
perature profiles influencing motor web time thrust were beyond the scope of this
study.
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Figure3.2.10-1 GRAIN TEMPERATURE PROFILE AT LAUNCH
Cavity Cooled During Assembly
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Figure3.2.10-2 GRAIN TEMPERATURE PROFILE AT LAUNCH
Cavity Not Cooled During Assembly
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Detailed examination of the environment control requirements was beyond the
scope of this study. However, certain operational hazards can be identified with
liquid hydrogen that will impose insulation or conditioning requirements on
specific areas of the vehicle. Hydrogen tankage and fill lines must either be
insulated sufficiently to prevent condensation of liquid air or oxygen, or exposed
only to a noncondensablie aimosphere.

Conditioning requirements for LO2/LHy engines are now evolving in the Saturn
S-IV and S-H programs. Insufficient data are now available to define the M-1
engine requircments. However, several conditioning methods appear feasible:

e A warm engine installation, with propellant prevalves located sufficiently
far upstream to prevent filled LO, or LHy line exposure to the atmosphere.
Such an installation would require an in-flight chilldown cycle of several
seconds late in the first-stage operating period. However, it would require
no conditioning on the launch pad.

e A chilled system, with provisions for propellant recirculation around the
turbopump. Effectively, this system will require no chilldown in flight, but
would require extensive insulation or helium purging on the pad. Where
feasible, this approach is considered the more desirable, since the chill-
down can be monitored as another countdown function and any malfunction
corrected.

The second-stage engine compartment, located over the open first-stage motor
cluster, is difficult to insulate or purge efficiently. For this reason, it is ten-

tatively proposed to use the warm-system approach and an in-flight chilldown
for that stage.

The second-stage intertank cavity should be continuously purged with low pres-
sure nitrogen or helium and a pressure relief provided to prevent over-
pressurization of the compartment. The lower head of the hydrogen tank is
sufficiently insulated to prevent liquefaction of air (see 3.2.10.5.2).

No environment control is required for the transtage propulsion systems.

The escape-stage engine compartment should be sealed, vented, and purged with
helium. The J-2 engines should be chilled on the pad, and a propellant recircula-
tion system should be provided. The compartment should be vented during flight
at a rate sufficient to prevent compartment pressurization during flight and slow
enough to prevent ambient air entry.

The payload hydrogen tankage will require insulation or other means to prevent
liquid oxygen or air from freezing on the tankage surface.
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The large volume of combustion gases expelled from the T65 vehicle during
first-stage burning provide a potential source of atmospheric contamination.
The gases are highly toxic, as indicated by the composition for a typical solid
propellant in Table 3.2.10-1. The quantity of gas generated, in terms of time
and altitude, is shown in Table 3.2.10-2. The volume of gas shown was calcu-
lated at 77°F and would, in practice, be several times greater because of its
high temperature. A large vortexing gas cloud will rise through the atmosphere
because of low gas density. Although some heat will be lost to the surrounding
atmosphere by radiation, this loss will tend to be compensated by condensation
within the rising cloud. Thus, the gas cloud will expand nearly adiabatically
as it rises. The cloud would rise until its density equaled that of the surround-
ing atmosphere. This should occur at an altitude of slightly over 10 kilometers
—near the top of the troposphere.

The extent of the atmospheric pollution problem will depend largely on the
environmental conditions at any given time. With the planned testing of 260-inch-
diameter development motors, additional data on atmospheric contamination will
be accessible and should be gathered. The contamination requires further study
in terms of corrosion protection necessary for ground equipment, cloud dissipa-
tion, and the weather conditions required to avoid precipitation scavenging of
hydrogen chloride.

COMBUSTION PRODUCTS FOR A TYPICAL SOLID NOVA PROPELLANT

Each pound of propellant when burned yields 0. 335 pounds of Al,Og with a particle
size of approximately 3 to 5 microns.

Each pound of propellant burned yields 0.665 pounds of gas having the following
composition:

610 36.72 wt %
COgy 4.77
HC1 31. 47
No 12.26
H20 11.57
Ho 3.48

The gas has an average molecular weight of 30.08 (air = 28.97).
The density at 77°F, 1 atm. = 0.0794 1b/ft3 (air = 0.0765).

Temperature of gas when exhausted = 2359°C.

Table 3.2.10-1
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EXHAUST . GAS . GENERATED. BY. £0L1D FIS¥ BAGE
Vehicle T65C

L
[
L

Time Altitude Propellant burned Volume of
(seconds) (feet) (pounds) gas exhausted*
(cu. ft)

0-10 ground level 2, 355,000 19,721,000
10-12 750-1100 471,000 3,944,000
12-14 1100-1500 471,000 3,944,000
14-16 1500-2000 471,000 3, 944,000
16-18 2000-2600 471,000 3,944,000
18-20 2600-3200 471,000 3,944,000
20-25 3200-5200 1,177,000 9, 856,000
25-30 5200-7700 1,177,000 9, 856,000
30-35 7700-10700 1,177,000 9, 856,000
35-40 10700-14400 1,177,000 9, 856,000
40-50 14400-23700 2, 356,000 19,729,000
50-60 23700-35700 2,356,000 19,729,000
60-70 35700-50600 2,356,000 19, 729,000
70-80 50600-68800 2,356,000 19, 729,000
80-90 68800-95500 2, 356,000 19,729,000
90-100 95500-128100 2, 356,000 19,729, 000
100-105.4 128100-146100 1,271,000 10,650,000

* at 77°F, 1 atmosphere

Table 3.2.10-2

3.2.10.2 Base Protection

3.2.10.2.1 Introduction

Heating to the base region of most multinozzle rocket vehicles is of sufficiently
high magnitude to cause structural failure unless adequate thermal protection is
provided for the load-carrying structure. Numerous model tests of specific
configurations and some full-scale flight tests have been conducted to determine
the distributions and levels of heating in the base area. Theoretical methods for
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predicting this Hadting hiive hdt provian sifdcesdful,’ pximhalily due to the com-
plexity of the three-dimensional flow fields involved. Thus, even though the
causes for base heating are well known, an empirical approach based on past
test data appears to be the best method for estimating base heating when con-
ducting preliminary design studies.

A discussion of various parameters affecting the base heating of a vehicle using
an aluminized solid propellant is given in Reference 1. This discussion applies
to the first stage of the T65C vehicle where base heating is caused by both
radiation from exhaust gases of the solid propellant and by convection as the
exhaust gases recirculate through the base. The second stage differs from the
first stage in that liquid propellants consisting of liquid oxygen and hydrogen
are used for propulsion, and radiation from the M-1 rocket-engine exhaust
plume resulting from these propellants may be neglected.

3.2.10.2.2 Determination of the Base Heating Rates

3.2.10.2.2.1 Radiation from the Exhaust Plumes to the Base Region

Radiation heating of the base region can be a significant portion of the total heat
input if the exhaust gases are strong radiators. Examination of the exhaust pro-
ducts of the second-stage LO2/LHg rocket engine shows that these products are
very weak radiators. The effective emissivity of the plume of these products is
so low that, for preliminary design studies, radiation to the base area of the
second stage can be neglected. The plume of the first-stage aluminized solid
propellant rocket contains alumina particles which are strong radiators. The
emissivity of a large cloud of alumina approaches one and produces a high
radiation flux when combined with the high temperatures of the particles. Thus,
consideration must be given to radiant heating of the first-stage base area.

The radiation heat flux from the plume to a point in the base is calculated from

0.
]

co TpiFipA;  (Btu/ft2sec)

g

=3
o

R

o
o)

H

Radiation heat flux (Btu/ft2sec)

Il

Stephan-Boltzman Constant (4.8 x 10”13 Btu/ft%sec °R%)

m
i

Emissivity
Tp = Plume temperature (°R)

F12A; = View factor

1l

In general, the temperature of the alumina particles varies along the plume
length, but sufficient measurements are not available to establish the tempera-
ture distribution. For preliminary design purposes, a few of the available
measured radiation heating rates are combined with a suitable view factor and
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the equivalent plume {emperalurelis dflculftad.” TRis témiperdtlire is then scaled
to the rocket under consideration by use of the combustion temperature.

The view factor geometrically relates the relative positions of the radiating and
receiving surfaces. The plume radiating surface is assumed conical. This
assumption is supported by Minuteman experience. The receiving surface can

be taken as a small area of interest in the base region. A computer program
(Reference 2) was used to calculate the view factors for this type of geometric
system and a radiation heating rate distribution over the base region was obtained.

The resulting radiation heating rates and distributions to the base heat shield and
exterior of nozzles are shown in Figures 3.2.10-3 through 3.2.10-6. These data
show that (1) the radiant heat rate to a particular point is constant, and (2) radia-
tion is the sole form of base heating up to an altitude of 27, 000 feet.

3.2.10.2.2.2 Convective Heating of the Base Region Due to Recirculated
Exhaust Gases

Determination of Base Flow Regimes — As the vehicle rises, the drop in ambient
pressure causes the exhaust plumes to expand. Their intersection causes a
shock wave, which forces a portion of the boundary layers of the plumes to flow
back toward the base. The amount of reversed flow is affected by the ambient
pressure until the flow chokes (i.e., sonic speed reached at a minimum area).

At this time, the reverse flow becomes constant and is independent of the ambient
pressure.

The method of Geothert (see Reference 3) was used to determine the flow regimes.
The second stage operates at an altitude where there is always '"choked" reversed
flow; thus, no change occurs in the heating rate with altitude. The first-stage
base flow consists of periods of ambient flow over the base, the onset of reversed
plume gas flow, and the fully ""choked" reversed flow. Since Goethert's results
were for a four-nozzle configuration, a correction was made for the six-nozzle
first stage in determining the altitudes that bound the various flow regimes.

The results are:

e Ambient flow over the base up to the onset of reversed flow at 27,000 feet.

e '"'Choked" flow occurs at 52,000 feet and continues until stage burnout.

Convective Heating Rates — First-stage convective heating rates in the fully
reversed plume flow regime were estimated by the four methods used in
Reference 1. When the base parameters of the T65C vehicle were used in these
methods (corrections being made for the six-engine configuration), the resulting
convection heating rates to the center of the base ranged from 100 to 600 Btu/
ft2sec. This large variation is in direct contrast to very small variation in
results obtained on the 500K vehicle (Reference 1). The failure of the four
methods to predict a similar heating rate is an indication that the base
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nology. Early model base heat testing of the base conflguratlon is necessary to
establish the convection heating rates.

For preliminary design purposes, a maximum convective heating rate to the base
center of 370 Btu/ft2sec* was assumed. The heating rate is based on a wall
temperature of 520°R. This produces a total heating rate to the base center of
500 Btu/ft2sec when combined with the radiation heating. This value is con-
siderably higher than that measured on any operational vehicle and higher than
the estimated rate for the Reference 1 vehicle. It is believed, though, to be
realistic for this base configuration.

The maximum convective flux of 370 Btu/ft2sec is for the choked-flow condition,
which, as shown previously, occurs at 52,000 feet and continues until burnout.
The heating magnitudes and distributions with base position are shown in
Figures 3,2.10-3 through -6 as a function of altitude. These data are for the
first stage.

The second-stage convection heating rate was determined from S-II base heating
tests (see Reference 4). The tested configuration was quite close to the T65C
vehicle second stage and the results were used directly. The heating rate will
be constant over the burn time of the second stage. The heating distribution and
rates are shown in Figure 3.2.10-7.

3.2.10.2.3 Base Thermal Protection

First Stage — Microballooned phenolic nylon (density = 30 lb/ft3) was used to
provide thermal protection of the first-stage base heat shield and nozzle skirts.
This is a char forming plastic material having good ablation characteristics and
fairly good insulation properties. The maximum load-carrying structural tem-
perature was held to 200°F by providing sufficient ablation material to act as
both an ablator and an insulator.

Other materials, such as NASA-designated M-31, were considered. Studies
have shown, however, that microballooned phenolic nylon is an efficient material
for providing thermal protection in the heating environment described in the
preceding sections. The M-31 material is used on the base heat shield of the
S-IC stage of the Saturn V vehicle. Very little data relative to its properties
are available. Thus it is not known how this material would perform in the more
severe thermal environment encountered by the base heat shield of the first stage
of this vehicle.

* This value was chosen because it gives a total heating rate that agrees with
extrapolated full-scale Polaris and Minuteman data.
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The thermal protection weights were determined by an IBM 7090 digital computer
program. This program accounts for transient (1) char layer growth, {2) char
surface temperature, and (3) mass loss rate, by solving a series of simultan-
eous equations. Transient heat conduction in the virgin plastic is accounted for
by a system of finite difference equations. This results in temperature distri-
butions throughout the ablation material.

The heating presented in 3.2.10.2.2 is primarily dissipated by (1) reradiation
from the hot char surface temperature, (2) reflection of the radiant heat input,
and (3) blockage of the convective heating by the injection of decomposition
gases into the boundary layer. This results in a relatively small quantity of
heat actually creating ablation and being conducted into the virgin plastic.

The resulting ablation material requirements are 0.58 inch at the heat shield
outer edge and 0.78 inch at the center. The average ablation thickness on the
interior of the nozzle skirts is 0.50 inch.
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Second Stage — Mixmtum lféaﬁng’ of t‘he }‘.econd stége‘ba&ez area occurs at the
outer edge of the heaf shield (see Flgure 3. 210" . *"his is due to the five-

engine arrangement in which one of the engines is located in the center of the
base.

The convective heating rate is rather low — a maximum of 4.5 Btu/ft%sec. The
long burn time, however, of the second stage (459 seconds) creates a substantial
thermal protection requirement to maintain a maximum load-carrying structural
temperature of 200°F.

The ablation requirements, using microballooned phenolic nylon, are 0.75 inch
at the heat shield outer edge and 0.40 inch next to the interior engine.

3.2.10.3 External Heating

Heating of the boost vehicle while on the launch pad and during flight was
examined to determine interstage temperatures and insulation requirements for
the second-stage liquid hydrogen tank.

3.2.10.3.1 Heating While on the Launch Pad

Modes of heat transfer to the external tank wall while on the ground are radiation
(solar) and convection. Solar radiation is considered of secondary importance
and thus was neglected in this study. This is due to the availability of coatings
having high emissivities and low absorptivities with respect to solar radiation.

Convective heating to the external hydrogen tank wall was investigated for free

convection (no wind) and forced convection (definite wind). The primary ground
conditions affecting convective heat transfer are air temperature, density, and
wind velocity.

The heat transfer coefficient due to turbulence-free convection (no wind) to a
vertical surface is given by:

1/3

h =0.19 (T,y - Ty) (See Reference 5)

Heat transfer coefficient (Btu/ ftzhr-°R)

]

where h
T,w = Adiabatic wall temperature (°R)

Tw = Wall temperature (°R)

The heat transfer coefficient due to forced convection created by the flow of air
normal to a vertical surface is determined by:

n
Nyp = B (NRE) (See Reference 6)
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NRrg = Reynolds number DV o/

B = Reynolds factor
n = Reynolds number exponent
D = Diameter (feet)
V = Wind velocity (fps)
P = Air density (Ib/ft3)
K = Viscosity of air (Ib/ft-hr)
K = Thermal conductivity (Btu/ft-hr-°F)
D n
tore. 1 - BE (.&)
Therefore, =D 2

A 20-mph wind was selected as a reasonable design condition. Evaluating air
properties at an average boundary layer temperature and taking B = 0.02 and
n = 0.8 give the following heat transfer coefficient for the 70-foot-diameter
tank.

hy = 20 mph = 2.52 Btu/ft?hr °R

3.2.10.3.2 Heating During Boost

Aerodynamic heating during boost was based on the thermal environment
encountered in flying the trajectory given in Figure 3.2.10-8. Heat transfer
coefficients to the sidewall of the tank were computed from the equation

N S
RE x (log; NRE) 2. 45

h = 0.144 K Npg

where K and NREg are as defined in 3.2.10.3.1
S = Rubesin correction factor

X

Distance (feet)

Npr = Prandtl number
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Figure 3.2.10-8 BOOST TRAJECTORY

The resulting heat transfer coefficients are given in Figure 3.2.10-9 for a
wall temperature of 40°R and for an equilibrium wall temperature. These
values are for turbulent flat-plate flow 180 feet from the nose.

Values of adiabatic wall temperature for the boost trajectory are presented in
Figure 3.2.10-10.

3.2.10.4 Interstage

Temperatures occurring during boost flight are shown in Figure 3.2.10-11
for the interstage between the first and second stage, the intertank section of

the second stage, and the interstage between the second stage and the payload.
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183 inches

These data are based on a transient analysis that accounts for the heat storage

of the interstage walls and reradiation to space. Aerodynamic heat transfer

coefficients shown in Figure 3.2.10-9 for Tw = Teq with appropriate correc-
tions made for differences in distance from the nose and adiabatic wall tempera-
tures given in Figure 3.2.10-10 were utilized in the analysis.

The variations in temperatures are due to differences in aluminum skin thick-
nesses. These differences, dictated by structural requirements for supporting
loads encountered during boost, create substantial variations in the heat storage

capability of the wall. This results in the temperature variations shown.

These data show that no insulation is required on the interstage or intertank

section of the second stage.

3.2.10.5 Cryogenic Insulation

3.2.10.5.1 Introduction

Heat absorbed by an uninsulated second-stage liquid-hydrogen tank during first-
stage flight produces excessive hydrogen boiloff. Thus, insulation is required on
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The latter requirement is necessary to reduce hazardous conditions around the
launch pad.

Insulation requirements were optimized for flight conditions, since the design
objective is to have no flight penalties attributable to ground environment.
Heating on the ground was investigated to determine minimum insulation thick-
nesses necessary to prevent liquefaction of air and to determine refueling
requirements resulting from boiloff while on the launch pad.

Cork was used for insulation based on 1) several studies showing that cork is a
good insulator for producing minimum total weight of boost vehicles utilizing
cryogenic propellants, and 2) tests conducted with cork applied to the exterior
of small tanks filled with liquid hydrogen.

These tests demonstrate that cork can be applied externally to a liquid hydrogen
tank without failure of the bondline, material, or sealing film. A thin mylar
film is bonded to the cork exterior to prevent cryopumping. All studies are
based on cork being applied to the outside of the tank.

3.2.10.5.2 Insulation Requirements to Prevent Liquefaction of Air

The outer temperature of the insulation must be equal to or greater than the
liquefaction temperature of air — conservatively assumed as 170°R. This
necessitates using sufficient insulation on the liquid hydrogen tank walls and
bulkheads to provide the desired temperature profile through the insulation
material. The critical design condition determining minimum thicknesses is
created by the steady-state heating that occurs while the vehicle is on the launch
pad.

3.2.10.5.2.1 Sidewalls

Steady-state heat flow through the insulation on the sidewalls is given by:

_ Ke
M(Tay - Tw) = 1, Tw=Tprop

where h = Heat transfer coefficient (Btu/ft2~hr-°R)
= 0.19 (T, - T,) "/ (See 3.2.10.3.1.)
T,w = Adiabatic wall temperature (°R)

x|
€
f

Cork outer surface temperature (°R)

Tprop = Propellant temperature, LHy (°R)
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Corqyetiity of park Ba/it4rr-H) ..° .03 °,
¢ = Cork thickness (feet)

It

Ke
1

Assuming an air temperature of 100°F, a Ty of 170°R (conservative estimate of
the liquefaction temperature of air), and a liquid hydrogen temperature of 43°R
gives a minimum cork thickness of 0.06 inch.

3.2.10.5.2.2 Forward Bulkhead

The minimum insulation thickness required to prevent liquefaction of air on the
forward bulkhead of the liquid hydrogen tank was determined by the following
heat balances:

Total heat input = Ayhy (Tw 1-Tg)

KC
Aphy (Tg-Ty,) = Ap T (Twy~Tprop)

where TWl

Intertank wall temperature (°R)
TWZ = Cork outer-surface temperature (°R)
T_ = Mean compartment gas temperature (°R)
T = Temperature of LHy propellant — 37°R
h = Free convection heat transfer coefficient for vertical planes

(turbulent region) — 0.30 (AT)1/4 (Btu/ft2-hr-°R).
(See Reference 7)

hy = Free convection heat transfer coefficient for spheres
(turbulent region) — 0.25 (AT)l/ 4 (Btu/ft2-hr-°R).
(See Reference 7)

Ay, = Surface area of forward interstage — 6118 sq. ft.

Ay = Surface area of upper bulkhead of LHy tank — 6210 sq. ft.
K. = Thermal conductivity of cork —0.0103 (Btu/ft-hr-°R)

lc = Cork thickness (feet)

The mean compartment gas temperature, Tg, is determined by using the equation
Ayh (TW—Tg) = Aphg (Tg-T)
Assuming a wall temperature of 560°R and applying the heat transfer coefficients

explained in the nomenclature give a mean Tg of 378°R.
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1.~ e Talprop)
¢ hy (Tg-Ta)

= 0.11 inch

3.2.10.5.2.3 Aft Bulkhead

The heat balance equations to determine the minimum insulation requirement to
prevent liquefaction of air are:

Total heat input = Ayhy (Ty, -Ty)

Ayh (Twl-Tg) = Aghy (Tg-TW 3) + Aphy (Tg'TWZ)
C
Ahh2 (Tg—TWZ) = AhT: (Twz_Tprop)
where TWl’ Tw2, Tg, Tprop’ hy, hy, K., and |, are values defined in

3.2.10.5.2.2.
A, = Surface area of intertank — 12,111 sq. ft.

>
]

o = Surface area of forward bulkhead of LOg tank — 6210 sq. ft.
Surface area of lower bulkhead of LHy tank — 6690 sq. ft.

=
>
S
oo

Wall temperature of LOy tank — 143°R

Assuming Twl = 560°R, the mean compartment gas temperature, T, is

g’
determined from

Awhy (Ty;-Tg) = Aghg (Tg-Twg) + Arhp (Tg-Tp,)

4/5
{ 0.30 A, Tg-Twg
w.zs (AorAp|  \Ty,~Tg
T = 374°R
g

The minimum cork thickness is

. Ke (rwz } Tprop)
c = _
0.25 (Tg - Ty,)

0.00954 foot

0.12 inch
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3.2.10.5.3 Insuigtiops Requfrémente Dueing Flight °3

Insulation thickness on the liquid hydrogen tank sidewalls and bulkheads was
optimized for a system in which the hydrogen is warmed during flight until the
fuel temperature raises to the level that boiloff commences (vapor pressure of
the hydrogen equals the internal tank pressure). Any further heat input creates
boiloff, which is vented overboard. The following items were considered for
various cork thicknesses in the optimization process:

e Insulation weight.

e Attachment weight — 0.104 1b/ft? of adhesive and mylar.

e Boiled-off fuel that must be vented overboard.

e Increased tank weight to handle volume of boiloff.

e Increased tank weight to handle volume change due to density decrease in the

fuel during first-stage flight.

3.2.10.5.3.1 Sidewalls

Insulation thickness for the sidewall was determined by the optimization proce-
dure shown in Figure 3.2.10-12. A transient analysis using an IBM 7090 digital
computer was performed to determine heat flow into the hydrogen during boost
flight. These results for various cork thicknesses are presented in Figure
3.2.10-13. The aerodynamic heating is based on data in Figures 3.2.10-9

and 3.2.10-10.

The insulation thickness is considered constant over the entire tank sidewall,
since variation in aerodynamic heating along the tank is negligible.

3.2.10.5.3.2 Bulkheads

Analyses were conducted using the minimum insulation thicknesses dictated by
requirements shown in 3.2.10.5.2 for preventing liquefaction of air. These
results showed that heat flow through the bulkhead and insulation during boost

flight is insignificant. Thus, no additional insulation is required on the bulkheads.

3.2.10.5.4 Boiloff

Boiloff rates while the vehicle is on the launch pad were determined as a function
of insulation thickness. Data for boiloff are given in Figure 3.2.10-14 for
forced convection due to a 20-mph wind velocity. The heat transfer coefficients
used are based on equations in 3.2.10.3.1.

The design gages of cork for the bulkheads and tank walls are shown. The side-

wall thickness results from optimization to minimize total launch weight. The
bulkhead gages are dictated by requirements to prevent liquefaction of air.
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3.2.11 Design Configuration

3.2.11.1 Introduction

Preliminary design drawings describing the final study vehicle structure and
system concepts are presented in this section. The drawings and accompanying
text summarize the results of the detail analyses conducted on the current tech-
nology vehicle. Advanced technology vehicle data is presented in Section 4.0.

3.2.11.2 Summary

The general arrangement of the final design vehicle in Figure 3.2.11-1 shows
the overall vehicle and the relative size and the location of major components
and subsystems.

Briefly, the first stage uses six 260 -inch-diameter motors arranged in a circular
pattern. All motor nozzles are gimbaled for vehicle attitude control. The motors
are linked together at the base skirts and tied or assembled at their upper ends to
a cross-beam cluster structure.

The 70-foot-diameter second stage consists of two independent tanks to contain
the liquid oxygen and liquid hydrogen propellants. A cylindrical fairing connects
the two tanks. The second stage is supported by a transition section interstage
that matches the peripheral shape of the first-stage motor cluster structure.

Five M-1 engines are mounted on a conical thrust structure. The engines are
arranged in a cruciform pattern. The four outer engines are canted inward at

the base to provide maximum clearance during single-plane separation of the

first stage. After separation, the engines are programmed to gimbal as required.

A transtage propulsion system is located between the second stage and the payload.
The system is composed of two independent storable-propellant propulsion units
located 180 degrees apart. These engines are also canted inward for maximum
clearance during second-stage separation. Each propulsion system is mounted

on a relatively short length of interstage structure that remains attached to the
payload until the time of transtage jettison.

Separation control rockets, retro and ullage, are mounted externally on the inter-
stage structures. All rockets are housed in aerodynamic fairings except the
first-stage retrorockets, which are in the aerodynamic shadow of the second
stage. Nozzle closures are assumed on first-stage retrorockets.

Command destruct and telemetry antennas are shown on the first-to-second-
stage interstage and on the second-stage-to-payload interstage. Transtage
antenna requirements have not been defined.

Preliminary design drawings of the final vehicle are presented and described in
the following section. Refer to the appropriate sections of the report for design
analyses and detail system descriptions.
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3.2.11.3 Design Conclusions

First Stage — In general, the first stage structural design of the T65 vehicle is
an extension of the concept established for the 500K vehicle of the previous
study increment (Reference 1). However, certain configuration differences
have introduced changes in the governing design factors, as noted below.

The elimination of the fixed-cant requirement on the nozzles of the T65

vehicle permitted simplification of the base structure. In contrast, the use of
six motors instead of four caused design problems in the carryover of the cross-
beam cluster structure., Due to the short study time period, design consistency
with the 500K vehicle was adhered to as closely as possible to take advantage

of previously established design data. The resulting structure is more compli-
cated than the 500K structure and more difficult to fabricate in some areas.

Second Stage — On the basis of a structural tankage trade study (see 3.2.8.3)
and other considerations, the liquid oxygen is contained in a tank that is approxi-
mately 35-percent oversize. Additional and more rigorous studies may show
vehicle improvements if (1) the tank is not off-loaded (e.g., use smaller diame-
ter tank with conical support structure), (2) dual-plane separation is employed,
or (3) the separation plane is moved forward of illustrated position. The sepa-
ration plane can be moved only if the smaller oxygen tank is supported by a
conical-shaped structure that extends further forward on the 70 -foot-diameter
shell,

Structural and manufacturing analyses have substantiated all structural con-
cepts illustrated in the section; however, design simplification improvements
could have been made had not time and certain design assumptions imposed
restraints that limited the scope of the investigation and incorporation of design
improvements.

3.2.11.4 First-Stage Design Features

Figure 3.2.11-2 illustrates the major design features of the first-stage cluster
of six 260-inch-diameter solid motors. The motors are arranged in a circular
cluster and were spaced to (1) minimize ""hammer head'" effect, (2) provide
nozzle gimbal envelope clearance with structure, and (3) allow adequate space
and clearance for vehicle support and leveling packs provided in the launch
platform. The structural analysis of each of the structures is presented in
3.2.8.6.4.

3.2.11.4.1 Motor Base Support Skirt

Each motor base support skirt embodies three support pads, equally spaced
about the motor axis. A hole is provided in the lower face of each pad to accom-
modate an indixing pin atop each support jack (see Section 3. 1.9).
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A welded aluminum structure of the "inverted A-frame" type carries the static
loads from each pad into the support skirt. The support skirt is constructed of
reinforced aluminum honeycomb and is flared to provide gimbaling clearance
for the nozzle. Steel frames are provided at the top and bottom of the skirt to
react the tangential loads introduced by the vertical support legs. Cutouts are
made in the skirt for the legs, and splice fittings are used at the cutout points
to maintain structural continuity. An aerodynamic fairing is provided over the
outboard support legs.

The vehicle standing loads are transmitted through the support frames and skirts
into the lower skirt extensions. These cylindrical aluminum structures are of
the stiffened skin type and are reinforced with tapered longerons opposite the
support leg termination points; splice fittings again provide structural contin-
uity at the leg-longeron joints.

3.2.11.4.2 Clustering Structure

The first-stage clustering tie (Figure 3.2.11-3) is accomplished with an integral
cross-beam structure at the forward end of the cluster and interlateral linkage
members at the lower end. Previous parametric study (Reference 1) has shown
this concept to be lighter and more efficient than other types.

The cross beam is an assembly of built-up aluminum box sections supplemented
by six skirt extensions of reinforced aluminum skin and stringer construction.
The latter components increase the bending stiffness of the cluster structure
and provide a geometrical transition from the circular motor skirts to the
cross beam. Bending continuity is effected between the skirt extensions and
cross beam with stringer butt joint fittings and overlapping attachments to the
beam members.

The clustering tie is completed with laterally positioned aluminum box section
links located at the support-skirt/skirt-extension interface at the lower end of

the cluster.

3.2.11.4.3 External Insulation

Base heat protection is provided by a centrally located honeycomb shield sup-~
ported from the inboard base structure by aluminum cross beams. The outer
face of the shield and all surfaces, including the motor nozzle, within the con-
fines of the support skirts are protected with a phenolic nylon-type thermal in-
sulation (see 3.2.8.6.4 and 3.2.10.2).

3.2.11.4.4 Motor Description

The solid rocket motor cases are fabricated of welded sections of 18-percent
nickel alloy steel and mar-aged to 250, 000 psi ultimate tensile strength (see
3.4.1.3.3). A bolted closure joint is used to attach the nozzle assembly to the
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case. The propellant grain is monolithic with a seven-point star perforation.
(See Figure 3.2,11-2 for motor case thicknesses and joint design features.)
A monocoque stub skirt is provided at each end of the motor for mechanical
attachment of cluster and base skirt structure.

3.2.11.4.5 Thrust-Vector-Control System

Thrust vector control during first-stage flight is provided by omniaxis gimbaling
of the solid rocket nozzles. Dual hydraulic actuators deriving power from a
solid propellant gas generator furnish the required control force to each nozzle.
Actuation force requirements are reduced to a minimum through the use of full-
length aerodynamic fairings at the outer periphery of the cluster (see Sections
3.1.3 and 3.1.4).

3.2.11.5 Second-Stage Design Features

3.2.11.5.1 Tankage

The tankage arrangement is shown in Figure 3.2.11-4. The propellants are
contained in separate aluminum tanks, with the oxygen located aft. The lower
heads of each tank are 0.80 to 1. 0 ellipsoids and the upper heads of each tank
are 0,70 to 1,0 ellipsoids. All heads are aluminum, mill tapered for minimum
weight., Thickened land sections are provided at all weld joints. Y rings are
used at the junction of the head and the cylindrical portion of the tankage. Short
cylindrical aluminum waffle stub skirts are welded to the Y rings and provide
the means to mechanically attach to adjacent structure. Waffle construction
was employed here in preference to skin-stringer-frame construction to mini-
mize weight and to eliminate a somewhat difficult design problem relating to
stringer termination and frame requirements near the tank head and sidewall
junction. A dual-purpose interstage field splice and transportation support
ring are provided in the lower skirt of the oxygen tank. The cylindrical portion
of the hydrogen tank is the only area of either tank requiring stiffening. The
hydrogen sidewalls are of milled skin-stringer-frame construction. The skin
and stringer thicknesses are varied locally to properly match the Y rings.

The entire LHo tank is insulated with mylar-covered cork.

3.2.11.5.2 Intratank and Skirt Extensions

Conventional aluminum built-up skin-stringer-frame construction is used in
these areas. Other methods of construction were not evaluated. These struc-
tures are mechanically attached to the waffle stub skirts previously mentioned.
The oxygen tank skirt extends down to the point of attachment of the conical
thrust structure and interstage structure.

The upper skirt of the hydrogen tank extends up to attach to the payload and to

support the transtage propulsion systems. Two short cylindrical, monocoque
sections are provided in this stringer-frame-stiffened structure to facilitate,
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simplify, and reliably effect a linear-shaped charge separation of (1) second
stage tankage, and (2) transtage propulsion and supporting structure.

3.2.11.5.3 Slosh and Antivortex Suppression

Stiffened aluminum cones, perforated with small holes, were assumed in this
design. In-house studies and coordination with the Martin Company have indi-
cated this design may be acceptable; however, insufficient data is available to
define the detail requirements. Antivortex provisions include a number of
radial baffles located between propellant outlets. The baffles are covered by

a circular plate that also serves to prevent geysering during propellant loading.

3.2.11.5.4 Thrust Structure

The five M-1 engine thrust structure is an aluminum cone frustum (Figure
3.2.11-5). Construction is conventional skin-stringer-frame. Each end of the
frustum terminates with a relatively heavy frame to react kick-loads. The
four outer engines are mounted at the periphery of the cone. The center engine
is mounted on a cruciform beam network that extends to the cone side walls.
The beams are built up with web stiffening. Upper and lower longerons com-
plete the assembly. Tapered longerons are used locally at each engine mount
location to help distribute the thrust loads into the cone skin and beam webs.

Cutouts are provided in the cone for engine propellant feed lines. Design details
of the base heat shields were not completely resolved; however, for weight
estimation purposes, the shield was assumed to be mounted directly on the cone
at the engine mount location. (See 3.2. 8.6 for structural analysis and trade
studies on the thrust structure and 3.2. 10. 2.3 for phenolic nylon insulation
requirements.)

3.2.11.5.5 Interstage Structure

The interstage (Figure 3.2.11-6) is an aluminum skin-stringer-frame structure.
The interstage provides the load path between the first and second stage in a
smooth transition from the hexagonal shape of the first stage to the circular
shape of the second stage. A mechanical attachment joint is provided at the
lower and upper ends for assembly to the cluster structure cross beam and the
second stage. The interstage remains attached to the first stage at separation.
The separation plane is located in the structure immediately forward of the
interstage.

Access doors are provided for servicing equipment inside the structure. The
six first-stage retrorockets are mounted near the lower edge of the interstage
(Figure 3.2.11-1). The structural analysis of the interstage is presented in
3.2.8.6.4.
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3.2.11.5.6 Second-Stage Subsystems

The inboard profile of the second stage is shown in Figure 3.2.11-7. (Refer to
3.2.3.4 for detail description and design features of subsystems.) Second-stage
propulsion is provided by a cluster of five M-1 engines. The cluster arrange -
ment consists of one engine at the vehicle centerline, axially aligned and sta-
tionary. The four outer engines are mounted on a 520-inch-diameter circle

(90 degrees on centerlines). These outer engines are canted inward 7.5 degrees
during first-stage operation. Immediately after separation the engines are free
to gimbal as required.

The propellants are contained in two independent tanks. The liquid oxygen tank
is located below the hydrogen tank. The tanks are prepressurized with ground-
supplied helium prior to flight. Gaseous hydrogen and gaseous oxygen are used
for tank pressurization throughout second-stage flight. Heat exchangers loc-
ated on the center engine supply the pressurants.

The propellant feed lines from each tank are 19.5 inches in diameter. Each

line consists of rigid ducting, flexible bellows, gimbal joints, a prevalve, and a
pressure-volume compensating duct. The liquid-hydrogen lines are routed
through tunnels in the liquid oxygen tank to each engine. The oxygen lines extend
from the bottom of the oxygen tank to each engine.

Tanking and draining of the tanks is accomplished through a single line per tank.
The hydrogen line is 20 inches in diameter and the oxygen line is 24 inches in
diameter. A special telescoping or equivalent-type section of ducting appears
necessary when lines are routed through the engine thrust structure to the
periphery of the vehicle in the interstage area. Without such a device, line
routing, stage separation, and umbilical concepts will be adversely affected.

Each tank is vented using two large vent valves and one small vent or relief
valve for the flight mode. Vent line diameters are 20 inches for hydrogen and
9 inches for oxygen. The small flight vent in each tank is 2 inches in diameter.
The gaseous hydrogen will be ducted away by a connection to the umbilical be -
fore flight. Gaseous oxygen is vented into the atmosphere on the vehicle side
opposite the umbilicals.

Ullage and retrorockets and the transtage propulsion systems have been des-
cribed in other sections. For detail characteristics of these components refer
to the related text.

3.2.11.6 Transtage

The transtage of the T65C vehicle consists of two propulsion packages placed
between the top of the second-stage hydrogen tank and the bottom of the 567~
kilometer-orbit payload, along the upper skirt of the hydrogen tank. This arrange-
ment permits utilization of the space between the upper dome of the hydrogen
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tank and payload without the necessity of lengthening the second-stage payload
interstage. The arrangement of the transtage propulsion units is shown in
Section 3.2.3, Figure 3.2.3-14, The two propulsion systems are pressure-fed
storable engines each having 50, 000 pounds thrust and are described in detail in
3.2.3.5. The transtage propulsion system has 77,000 pounds of NoH4~-UDMH
(50-50)/N304 propellant and has a stage mass fraction of 0.81. Performance
of the transtage is discussed in 3.2.2. 4.

3.2.11.7 Direct Escape Payload

A third stage, used for a direct escape mission with the first and second stages
of the T65C vehicle, utilizes LO3/ LHgz propellant and is powered by three J-2
engines. The third stage attaches to the forward skirt of the second-stage
hydrogen tank where a stiffened cone forms a transition from the 70-foot~
diameter second stage to the 40-foot-diameter third stage as shown in Figure
3.2.3-19. A 40-foot-diameter 0. 8 ellipsoidal hydrogen tank is attached to the
top of the interstage cone by a short skirt. The oxidizer tank is a 26-foot-
diameter 0. 8 ellipsoid mounted under the hydrogen tank and supported by a J-2
engine thrust cone. Performance of the escape stage is discussed in 3.2.2.6.
The escape stage propulsion system is presented in 3. 2. 3. 6.

REFERENCES

1. SSD-TDR-62-144, "Study of Large Launch Vehicles Using Solid First-
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3.2.12 Payload Growth Potential

3.2.12.1 Introduction

Vehicle payload growth can be shown in a variety of ways, such as by increasing
the number of M-1 engines in the second stage and restaging the vehicle, or in-
creasing first-stage burnout velocity with a large increase in first-stage size
thereby permitting the use of a lower thrust-to-weight ratio in the second stage.
Generally, such payload increases are obtained at a considerable compromise
in vehicle design, reliability, or performance efficiency.

Payload growth potential of the T65D vehicle was determined within the following
constraints. The number and diameter of first-stage solid motors were held
constant. The number of second-stage engines and second-stage and payload
diameter were held constant. A maximum dynamic pressure of 950 psf was
maintained. A 20-percent increase in M-1 engine thrust was assumed consistent
with a vehicle growth development program. The approach by which payload
growth is shown is generally conservative in retaining the basic vehicle design
together with good performance efficiency.

3.2.12.2 Summary

Vehicle T65D has a payload growth capability to 1,460,000 pounds into a 225-
kilometer orbit or an increase in payload of 25. 3 percent over the preliminary
design vehicle. The growth vehicle has a launch weight of 42,500,000 pounds,
giving a launch-to-payload-weight ratio of 29.1 as compared with 32.7 for the
T65D vehicle. Second-stage growth is limited by second-stage thrust-to-weight
ratio. First-stage growth is limited by maximum dynamic pressure and second-
stage growth.

3.2.12.3 Vehicle Description

The payload growth version of vehicle T65D has an overall length of 611 feet or
an increase of 76 feet over the preliminary design vehicle. This increase in
length is distributed as follows. The first stage was increased by 37 feet, the
second stage hydrogen tank increase was 14 feet, and the payload became 28 feet
longer. The increase in payload length assumes a 567-kilometer orbital pay-
load of 1,341, 000 pounds, using a transtage similar to that of the T65D vehicle.
This vehicle has an estimated first-mode bending frequency of 1. 15 cycles per
second. The first stage was penalized to allow for an increase in motor case
thickness to handle increased buckling loads. Motor operating chamber pres-
sure was limited to 800 psia.

3.2.12,4 Performance Analysis

Performance has been determined for a growth configuration of fhe baseline
vehicle. Five uprated M-1 engines are used in the second stage. Each engine
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produces a vacuum thrust of 1,8 million pounds with a vacuum specific impulse
of 426.5 seconds. The first-stage solid motors have a nominal sea level specific
impulse of 238 seconds.

The effect of increasing first stage propellant loading was examined. At a con-
stant chamber pressure, an increase in solid-propellant loading causes increases
in thrust, launch weight, and payload. Two considerations limit the propellant
that can be used in the first stage. These are the maximum dynamic pressure
limit of 950 psf and the minimum permissible second-stage thrust-to-weight
ratio.

For large solid~propellant loadings, maximum payload tends to occur at burnout
velocities which give excessively high maximum dynamic pressure (Amax). To
reduce gy, 5x to 950 psf at a specified first-stage propellant weight, the burnout
velocity must be reduced by adding additional second-stage weight. However,
since second-stage thrust is fixed, this additional weight leads to an unacceptably
low second-stage thrust-to-weight ratio. These considerations place an upper
limit on solid-propellant weight of about 27,000, 000 pounds when upper -stage
thrust is limited to five uprated M-1 engines. A second-stage thrust-to-weight
ratio of 0.74 is about the minimum acceptable value. Using first- and second-
stage mass fractions of 0. 8896 and 0.9235 gives a growth vehicle launch weight
of 42,500, 000 pounds. First-stage motors produce a total thrust of 61,200,000
pounds. This vehicle has a payload capability of 1,460, 000 pounds into a 225-
kilometer orbit.

3.2.12.5 Propulsion System Growth

The potential for increasing the impulse delivered by the first and second stages
was briefly examined. The following paragraphs present the results of an ana-

lytical study of first-stage motor growth, and an estimate of the characteristics
of an M-1 engine uprated to 1.8 million pounds vacuum thrust.

3.2.12.5.1 First-Stage Motor Growth

Higher delivered impulse is most economically achieved in a production solid-
propellant motor by increasing propellant weight and motor case cylindrical
length while maintaining grain configuration and design pressure. This confines
major modifications to the nozzle. An eventual limit is imposed on this growth
by propellant erosive-burning effects at low port-to-throat-area ratio. While
this degrades the stage performance only slightly, it does cause early burnout
of the aft portion of the propellant grain, and longer tailoff time. A port-to-
throat-area ratio of 1.3 was arbitrarily selected as the lower limit in this
study.

If other factors such as motor processing facilities or vehicle body bending
frequency limit motor length, the alternative path to increased impulse is

through higher chamber pressure. In this case, a slight modification of the
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propellant would bé‘Tequired t6 mdintaih web burn ¥iMé’ A more severe oper-
ating environment is imposed on the nozzle, and heavier case wall thicknesses
would be necessary. The shape of the thrust-time trace of the motor would
remain essentially constant unless the grain configuration were altered. These
considerations generally apply to the case of a constant first-stage velocity

increment.

Pl e

Assignment of a lower velocity increment to the first stage of a heavier vehicle
at the same maximum dynamic pressure would require higher thrust and shorter
burn time of the first stage. This requirement could be met by increasing the
propellant burning rate and maintaining the same grain configuration. Either
the nozzle throat area or the operating pressure would have to be increased.
Moderately higher propeliant burning rates than the 0.5 inches/second used in
the T65 motor are currently available.

A higher first-stage velocity increment imparted to a heavier vehicle at the
same maximum dynamic pressure would require both higher thrust and longer
burn time of the first stage. This, in turn, would require both propellant
reformulation and higher pressure or larger throat area of the constant-section
motor.,

stage performance was not considered in this study. While several approaches
are now being investigated in ARPA-sponsored programs, all involve materials
requiring substantially different processing techniques and leave unanswered

the serious question of operational safety. The slight theoretical growth remain-
ing for hydrocarbon-aluminum-ammonium perchlorate systems in general re-
quires higher solids loading than propellant of the performance assumed. This
in turn means more difficult processing.

First-stage motor growth data, calculated for motors of constant propellant
type and grain configuration, are shown in Figure 3.2.12-1. Sea-level thrust,
motor —-case length-to-diameter ratio, and port-to-throat-area ratio are plotted
as functions of propellant weight for several values of nominal maximum head-
end pressure. Corresponding maximum expected operating pressures (MEOP)
are 630, 840, and 1050 psia, respectively. The difference between PFymax
and MEOP (1.051 PFpy, 5%) reflects the combined effects of expected motor-to-
motor variations and the operating ambient temperature range of 80 + 20°F,

The T65 motor design points are shown. Maximum available expansion ratio
was assumed at each chamber pressure, using the same nozzle exit area as the
T65 motor.

These data indicate the flexibility of the basic motor design and a growth poten-
tial at 800 psia up to about 5.4 million pounds of propellant at an assumed mini-
mum port-to-throat-area ratio of 1.3. This is an increase of about 15 percent
in propellant weight and thrust. Propellant erosive burning was considered in
the computation of these data.
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Structural dyna'ﬁlic.:effeéfs of the ‘increased motor ﬁa.ingt.h. are discussed in

3.2.12. 6.

3.2.12.5.2 M-1 Engine Thrust Increase

Performance and weight data were estimated for an M-1 engine uprated from
1.5 to 1. 8 million pounds vacuum thrust. This increase was assumed to be
achieved by operating the engine at higher mass flow rate and chamber pres-
sure.

Higher turbopump power-out will be required. At the same suction specific
speed, both oxidizer and fuel must operate at about 5-percent higher rpm. It
is assumed that the pump volumetiric capacity is adequate.

Weight of the uprated engine was estimated. Turbopump weight was assumed
to be proportional to pump horsepower to the 0.8 power. New thrust chamber
weight was calculated from an empirical relationship developed by Rocketdyne.
An additional allowance was made for increases in the weight of the injector
and miscellaneous items such as plumbing, gas generator, and engine controls.

A slight reduction in engine specific impulse is expected because of the pro-
portionately higher turbopump gas-generator fiow requirement and the reduced
dissociation in the nozzle at the higher chamber pressure. Overall dimensions
of the engine were assumed to remain unchanged.

Principal characteristics of the uprated engine are as follows:

Thrust Chamber Pressure, Dry Wt. Nozzle Engine
(vac., lbs.) (psia) (lbs.) Expansion Ratio Igp (sec.)
1.8 x 106 1200 23,600 40 426.5

3.2,.12,.6 Structural Limits

In most structures a structural limit cannot be defined exactly because as more
strength is required more structure can be added. Therefore, the structural
limit can be defined only by the decision that the extra weight is not justified by
either performance or cost. This discussion will, therefore, be limited to
defining the areas where additional structure will be required if growth is desired.

The vehicle diameter is fixed; therefore, growth will occur by increasing vehicle
length. The increase in vehicle length will produce larger bending moments,
which will require an increase in gages of all bending material — particularly
the hydrogen tank and transtage transition section. Increased axial loads will
also result from the larger weight and thrust., This increases interstage and
clustering structure weight. Fluid head pressures and, therefore, skin gages
will increase in the second stage due to the greater fluid depth.
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Motor-case skin gage increases will be required to carry the greater launch
weight,

The first-mode frequency will approach 1 cps at a vehicle fineness ratio of
approximately 9.
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